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allowing robots and electronics to extract energy from large volumes of energy dense material without
having to carry the material on-board. When moving across a metal surface, metal scavenging exceeds
the energy densities of lithium ion and metal-air batteries by 13x and 2x. We also showed how the same
technology can power a vehicle and make computer-free decisions about how to navigate the vehicle’s
environment by responding to chemical features through electro-chemotaxis. To minimize the mass
loading and cost of catalysts in the air cathode and improve their stability, we synthesized nanoporous
gold catalysts with increased (100) surface facets using electrochemical dealloying in sodium citrate
surfactant electrolytes. These modified nanoporous gold catalysts achieved a 7.7% higher operating
voltage and 30.2% greater power density in aluminum-air batteries over traditionally prepared nanoporous
gold, and their performance was superior to commercial platinum nanoparticle electrodes at a 10 times
lower mass loading. We investigated morphology changes and material distribution through the anode
using microscale X-ray computed tomography (micro-CT) and Focused Ion Beam Scanning Electron
Microscopy (FIB-SEM). In addition, we also synthesized poly (vinyl alcohol (PVA)/SiO2 and PVA/Agarose
hydrogel to increase water retention to extend the lifetime of the hydrogel, which can significantly
contribute to the long duration application of metal-air batteries.
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ABSTRACT
METAL-AIR POWER SOURCES WITH HYDROGEL ELECTROLYTES FOR LONG
ENDURANCE ROBOTS

Min Wang
James H. Pikul

To power electronics for long durations, batteries need to be recharged because they
store only a small amount of total energy, which is limited by the mass of energy storage
materials in the battery electrodes. Harvesters can provide longer continuous energy, but
their limited power and need for precise operating conditions severely restricts their
application in off-grid robots, microelectronics, and internet connected devices.
In this dissertation, we designed a new strategy for powering robots and electronics
by electrochemically scavenging energy from metal surfaces, which breaks energy storage
scaling laws by allowing robots and electronics to extract energy from large volumes of
energy dense material without having to carry the material on-board. When moving across
a metal surface, metal scavenging exceeds the energy densities of lithium ion and metalair batteries by 13x and 2x. We also showed how the same technology can power a vehicle
and make computer-free decisions about how to navigate the vehicle’s environment by
responding to chemical features through electro-chemotaxis.
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To minimize the mass loading and cost of catalysts in the air cathode and improve
their stability, we synthesized nanoporous gold catalysts with increased (100) surface
facets using electrochemical dealloying in sodium citrate surfactant electrolytes. These
modified nanoporous gold catalysts achieved a 7.7% higher operating voltage and 30.2%
greater power density in aluminum-air batteries over traditionally prepared nanoporous
gold, and their performance was superior to commercial platinum nanoparticle electrodes
at a 10 times lower mass loading.
We investigated morphology changes and material distribution through the anode
using microscale X-ray computed tomography (micro-CT) and Focused Ion Beam
Scanning Electron Microscopy (FIB-SEM). In addition, we also synthesized poly (vinyl
alcohol (PVA)/SiO2 and PVA/Agarose hydrogel to increase water retention to extend the
lifetime of the hydrogel, which can significantly contribute to the long duration application
of metal-air batteries.
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CHAPTER 1: Introduction
1.1 Motivation
Currently, there are two major strategies for powering microelectronics: (1)
harvesting thermal, mechanical (high frequency vibrations), radio frequency or solar
energy from the local environment or (2) delivering energy stored in an on-board battery.
Although individually useful in specific applications, these approaches have several
limitations.1 Figure 1-1 shows that several energy harvesting technologies at have
relatively low power densities output compared to commercial Li-ion batteries. In contrast,
microscale energy storage can provide a constant power output with high peak power
densities, as demonstrated by Pikul et al.2 To power electronics for long period of times,
however, batteries need to be recharged because they store only a small amount of total
energy due to the need to carry the energy storage materials in the battery packaging.
Energy storage is particularly restrictive for micrometer to centimeter scale robots, vehicles,
and electronics, as micro batteries dominate the size and mass of the corresponding devices.
Overall, the limited power and need for precise operating conditions of energy harvesters
and the limited energy supplied by batteries severely restrict the useful applications of offgrid microelectronics and internet connected devices. Therefore, we explore a new way to
extract energy from metals surface which are prolific in our surroundings for these devices.

1

Figure 1-1 Different types of energy harvesting. (https://www.edn.com/ti-powerharvesters-and-step-down-converters-foster-next-wave-of-energy-harvesting-design/)
1.2 Metal-Air Batteries
One approach to overcome the energy storage limitations of batteries is to use
battery chemistries with increased energy density, such as metal-air batteries. The most
common aqueous metal-air battery chemistries are zinc-air, aluminum-air and iron-air
batteries because they are able to discharge large amounts of energy compared to lithium
ion or other metal-air batteries. Metal-air batteries are electrochemical cells that use metal
as anode and ambient air as a cathode with aqueous electrolyte, as shown in Figure 1-2.
The metal at anode gets oxidized to produces metal ions which move through the
electrolyte to the cathode and react with O2 to form metal oxides or metal hydroxide.
Aluminum-air, zinc-air, and iron-air batteries have 8076, 1535, and 1229 Wh/kg theoretical
energy densities, which are 5-32 times larger than commercial lithium ion batteries.
Practical metal-air batteries, however, have only achieved a fraction of their theoretical
energy densities (350-500 Wh/kg for Zn-air, for example) and suffer from poor and
2

inefficient rechargeability. Although promising, realizing rechargeable metal-air batteries
with near theoretical energy densities is likely several years or decades away. New
approaches for powering robots that take advantage of the unique environments or
applications of the robot technologies are required to realize and improve the performance
of untethered robotic systems in the near future.

Figure 1-2 Schematic configuration of metal-air batteries.
(https://www.rappler.com/science/113626-salt-lamp-how-it-works-challenges/)
Anode: M – ne- → Mn+
Cathode: O2 + 2H2O + 4e- → 4OHParasitic Reaction: 2H2O + 2e-→ H2+ 2OHIn a conventional battery, active materials are stored in a rigid package so that the
maximum volumetric energy density is the energy available in the lowest capacity
electrode divided by the total battery volume or mass. A robot, therefore, must carry both
the active material mass as well as the packaging and electrolyte required for the battery to
3

work. In metal-air batteries, the pertinent electrode is the solid metal anode which oxidizes
to produce electrons and, typically, a metal hydroxide or metal oxide. An electrolyte
connects the metal anode to thin, porous cathode that reduces oxygen in the air. Metal-air
batteries have high energy densities because oxygen for the cathode reaction can be
extracted from the air and therefore does not contribute to the battery mass or volume.
Electrons from the anode are transferred to the cathode through the robot electronics,
powering the robot.
1.3 Challenges in metal-air batteries
At present, most metal-air batteries have very limited practical applications. How
to improve the discharge performance of metal-air batteries is still a great challenge.
Therefore, it is very important to study the problems and challenges of metal-air batteries,
and to seek solutions through the design of air electrodes, metal anodes, electrolytes, and
separators for promoting the further development of metal-air batteries.
Discharge performance includes polarization performance and discharge capacity.
The polarization performance provides information about the current density at a particular
discharge voltage and reflects the peak power density that a metal-air battery can provide.
The polarization performance of metal-air battery depends on the overpotential and the
reaction rate between air electrode and metal electrode. The reduction of oxygen at the air
electrode is kinetically slow and is considered a rate-controlled step. Therefore, it is
necessary to use efficient electrocatalyst on the air electrode to reduce the overpotential of
oxygen reduction, so as to achieve a higher reaction rate. In addition to reaction kinetics,
mass transfer is also a key factor affecting the reaction rate. Reasonable material design is
4

required to reduce the mass transfer impedance, including the use of gas diffusion layer on
the air electrode, adjustment of the pore structure of the electrode and prevention of
deposition of insulating products/by-products on the electrode.3
Since the air electrode reactant O2 is obtained from ambient air and is almost
infinite, the theoretical capacity of a metal-air battery is determined by the amount of metal
encapsulated in the battery as the metal electrode. However, there are several factors that
limit the actual capacity of metal-air batteries. For the water system metal-air battery,
during the discharge process, the metal electrode is wrapped by the metal oxide film, which
leads to the passivation of the metal electrode, so that the discharge process is terminated.
For non-water metal-air batteries, there is another reason for capacity decline: the limited
storage of metal superoxide or peroxides in the air electrode. To minimize the capacity loss
of the metal-air battery, some material design strategies are being studied, such as the
improvement of the metal electrode, the addition of additives in the electrolyte and the pore
structure design of the air electrode electrocatalyst.
Typical parameters describing the recharging capacity of metal-air batteries include
reverse-return efficiency, coulomb efficiency, and cycle life. The reverse-return efficiency
is determined by the ratio of the energy released in the discharge process to the energy
required in the charging process and represents the energy utilization efficiency of the
metal air-battery. It is usually obtained by dividing the discharge voltage by the charging
voltage at a constant current density. The reverse-return efficiency depends on the
overpotential of the discharge and charge reactions. It requires the electrode electrocatalyst
to be bifunctional for the conversion between oxygen and water/superoxide/peroxide. Mass
5

transfer during discharge and charging should also be considered. Note that the
decomposition of superoxide and peroxides at the air electrode during charging of a nondrainage metal-air cell requires solid-solid contact between the reactants and the electrolyte.
To reduce the overpotential caused by insufficient solid-solid contact, the design methods
such as adjusting the structure of air electrode and adding redox medium to electrolyte have
been proposed successively.4
The cycle life of a metal-air battery depends on the high coulomb efficiency and
the stability of the above parameters. Long cycle life requires stable structure and
composition of battery components. Some common problems in metal-air batteries, such
as the generation of metal dendrites, the change of metal electrode shape, the deactivation
of electrocatalyst and the decomposition of electrolyte, can shorten the cycle life of the
battery.
In summary, the practical energy densities of metal-air batteries are significantly
lower than their theoretical energy densities because of the slow kinetics of the oxygen
reduction reaction in the cathode, which reduces the battery voltage, and the inability to
extract the full capacity of the anode. When considering the lifetime of metal-air batteries,
the main problems are dry-out of the cell, anode corrosion, and carbonation build-up. And
it is difficult to find an electrolyte with all desired properties which include high stability,
low volatility, non-toxicity and high oxygen solubility and wide electrochemical window.
The performance problems of metal-air batteries are mainly caused by materials.
Reasonable material design can alleviate these problems and improve battery performance.
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With the deepening of research, methods to solve the above problems have been widely
studied, especially in the design of air electrode, metal electrode, and electrolyte.
1.4 List of papers in this project
1. Min Wang, Unnati Joshi, and James H. Pikul, Powering Electronics by Scavenging
Energy from External Metals, ACS Energy Letters, 2020 5 (3), 758-765, DOI:
10.1021/acsenergylett.9b02661
2. Wang, M., Gao, Y. and Pikul, J.H. (2022), Computer-Free Autonomous Navigation and
Power

Generation

Using

Electro-Chemotaxis.

Adv.

Intell.

Syst.

2000255. https://doi.org/10.1002/aisy.202000255
3. Min Wang, Andrew C. Meng, Jintao Fu, Alexandre C. Foucher, Rui Serra-Maia, Eric
A. Stach, Eric Detsi, and James H. Pikul, Surface Facet Engineering in Nanoporous Gold
for Low-Loading Catalysts in Aluminum–Air Batteries, ACS Applied Materials &
Interfaces, 2021 13 (11), 13097-13105, DOI: 10.1021/acsami.0c20163
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CHAPTER 2: Powering Electronics by Scavenging Energy from External Metals
2.1 Introduction
The low gravimetric and volumetric energy densities of energy storage
technologies are a major limitation for realizing the potential of modern robots and
electronics.5-6 In many cases, the size and weight of energy storage technologies required
to power robotic systems are too large or massive for a robot to carry,7-9 leading to limited
operational times and long recharging times over which the robot remains unused. Energy
storage is especially restrictive for small robots, vehicles, and electronics, as the total
available energy unfavorably scales with the device volume (L3), while the performance of
electronics increases as they get smaller (1/L2),2,

10-15

following Moore’s law. In one

example, the energy stored on a 2.8 g autonomous robot could only provide power for 1.5
minutes. If the energy densities of the batteries improve at a 6% annual growth rate, it will
be 19 years before this robot can operate for 4.5 minutes.16 If the energy densities of
batteries improve at an 6% annual growth rate, it will be 19 years before this robot can
operate for 30 s. This stark outlook necessitates new methods for powering electronic
systems.
The most common approach to overcome the energy storage limitations of batteries
is to develop electrodes with increased energy density. In a conventional battery, anode
and cathode improvements are needed simultaneously as both electrodes contribute to the
mass and volume of the battery. In metal-air batteries,17-19 however, oxygen for the cathode
reaction can be extracted from air and therefore does not contribute to the initial battery
mass or volume, although the oxygen mass is added during discharge. The reduced weight
8

of the oxygen electrode and high energy density of metal anodes result in high theoretical
energy densities. Aluminum-air, zinc-air, and iron-air batteries have 8.1, 1.5, and 1.2
kWh/kg theoretical energy densities,20 which are 5-32 times larger than commercial lithium
ion batteries. Practical metal-air batteries, however, achieve only a fraction of their
theoretical energy densities (350-500 Wh/kg for Zn-air, for example) and suffer from poor
rechargeability due to passivation, dendrite growth, and hydrogen evolution on metal
anodes, and electrolyte reactivity with CO2. 21-25
Energy harvesters that extract energy from their environment provide an interesting
alternative for powering robotics and electronics as they can provide a large amount of
energy over their lifetime. The best energy harvesters, however, cannot output power
densities much greater than 10 mW/cm2,26-29 and electrochemistry-based harvesters have
lower output power densities, typically < 0.1 mW/cm2, which limit their applications.30-36
In this work, we show that semi-solid hydrogel electrolytes with oxygen reduction
cathodes, a device we call a metal-air scavenger (MAS), can electrochemically extract
energy from large areas of a metal surface to achieve high energy and power density,
combining the benefits of batteries and energy harvesters. The MAS facilitates
electrochemical reactions that occur in metal-air batteries, but the anode and cathode are
both external to the MAS. We show that, when stationary, a MAS can extract 159 mAh/cm2,
87 mAh/cm2, and 179 mAh/cm2 from aluminum, zinc, and stainless-steel surfaces at up to
130, 81, and 25 mW/cm2 power densities. A principal advantage of the MAS is that it can
continue to power a device as it travels across a metal surface, so that the total mass and
volume of metal oxidized are many multiples of the mass and volume of the device. This
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property of the MAS breaks energy storage scaling laws by allowing small robots and
electronics to extract energy from large volumes of energy dense material without having
to carry the material on-board. We characterize the metal, hydrogel, and electrochemical
properties of the MAS as it traverses metal surfaces with ninety times the MAS area.
Finally, we demonstrate the utility of a traveling MAS by powering a 5 x 3 x 1 cm electric
vehicle on aluminum and zinc surfaces with a 2 x 3 x 0.2 cm MAS. When storing excess
water, a traveling MAS can achieve 3,082 Wh/kgMAS energy densities on aluminum
surfaces, which is more than 2 times larger than the best aluminum-air batteries fabricated
to date, and 12 times greater than commercial lithium-ion batteries (243 Wh/kg). 37-38
2.2 Experiment section
2.2.1 Preparation of PVA hydrogel
We dissolved 1 gram of commercial PVA powder in 20 mL of DI-water and stirred
the solution for 6 hours at 95 ℃. Then, we added 3 mL of 6 M KOH aqueous into the PVA
solution and continued stirring for 1 hour at 95 ℃. Finally, we poured the as-obtained
solution into a mold and transfer the mold to an argon atmosphere oven at 60 ℃ for 6 hours
and negative 1.0 barr, forming the PVA hydrogel electrolyte.
2.2.2 Preparation of PAM hydrogel
We mixed 10 grams of acrylamide monomer into 4.5 mL of DI water and stirred
the solution for 30 minutes. We then added 0.5 mL of 20 mg/mL N, N′methylenebis(acrylamide) and 5 mL of 5 mg/mL potassium persulfate into the above
solution and stirred for 2 hours until fully dissolved. Next, we poured the solution into a
petri dish, degassed the solution at negative 1.0 barr, and stored the degassed solution in
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argon atmosphere for 6 hours to obtain cross-linked PAM hydrogel. Finally, we saturated
the PAM hydrogel by soaking it in 6 M KOH or 1M HCl solution for 24 h.39
2.2.3 MAS assembly and materials
We used a commercial Pt/Carbon gas diffusion electrode (0.5 mg/cm² 60%
platinum from FuelCellsEtc) as the cathode. We assembled the MAS by attaching the
cathode to the hydrogel electrolyte surface in contact with the petri dish during electrolyte
curing, which remained sticky after removing the petri dish. The MAS was electrically and
mechanically connected to the electric vehicle using nickel wire. The electric vehicle was
3-D printed on an Objet30 PhotoPolymer Printer and the electric motor was purchased
from Firgelli Automations. For experiments where the MAS-powered vehicle traveled in
a circle, the beam and water reservoir were 3-D printed using Objet30 PhotoPolymer
printer. The wicking paper was purchased from KIMTECH.
2.2.4 Electrochemical measurements
An SP-300 Bio-Logic electrochemistry workstation measured the discharge and
polarization performance of MAS on 6061 aluminum, zinc (99% purity), and 316 stainless
steel surfaces at room temperature. The reaction area was 2 × 3 cm2. Gravimetric capacities
and energy densities were normalized by the MAS mass.
2.3 Results and Discussions
Figure 2-1A shows a schematic of a MAS, which consisted of a cathode current
collector and hydrogel electrolyte. The cathode current collector was a porous carbon felt
embedded with platinum (Pt) catalyst (0.5 mg/cm2) and coated on one side with
polytetrafluoroethylene (PTFE). When placed on a metal surface, the MAS converted the
11

Gibbs free energy difference between the metal surface and oxygen in the environment to
electrical work through electrochemical redox reactions. During this process, the oxidized
metal released electrons and, depending on the anode, was converted to a metal ion that
formed hydroxide or metal oxide products. The electrons traveled to the cathode and
reduced oxygen to form hydroxide ions, powering the external electronics and vehicle in
the process. We call this device a scavenger because it works on excess metal already
available in the environment, and the depth of metal oxidation is typically <100 um, which
is unlikely to compromise the metal strength as it is below the safety factor of macroscopic
engineered devices.
Figure 2-1B is a photograph of 3-D printed vehicle powered by an electric motor
connected to a trailing MAS cathode through a nickel wire. To complete the circuit, an
anode current collector was connected to the metal surface on the vehicle side. The
hydrogel was either about 3 mm thick Polyacrylamide (PAM) or Poly (vinyl alcohol) (PVA)
saturated with 6 M KOH or 1M HCl aqueous solution. Figure 2-1C shows the MAS
powered vehicle moving across an aluminum surface at 7.8 mm/s or 0.16 body lengths per
second. The MAS hydrogel carries the electrolyte, due to its semi-solid nature,40-44 so that
the electrolyte can be transported across a metal surface while maintaining a high ionic
conductivity.
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Figure 2-1 An illustration of a metal-air scavenger (MAS) powering an electric vehicle.
(A) The MAS consisted of a PTFE coated Pt/Carbon film for the cathode and a hydrogel
electrolyte. When placed on a metal surface, the MAS oxidized the metal and reduced
environmental oxygen to generate energy. (B) A photograph of a MAS attached to a 3-D
printed electric vehicle on an aluminum surface. (C) The MAS-powered electric vehicle
can drive continuously on an aluminum surface at a speed of 7.8 mm/s.
We measured the electrochemical performance of stationary metal-air scavengers
on aluminum and zinc sheets, with alkaline PVA and PAM hydrogel electrolytes, and
stainless-steel foils, with acidic hydrogels. Figure 2-2A shows the voltage versus capacity
for PVA- and PAM-based MAS discharged at 5 mA/cm2 on a zinc surface. The full cell
potential of the PVA-based MAS was more stable and extracted more capacity than a
PAM-based MAS. The PVA-based and PAM-based batteries extracted a specific capacity
of 87 mAh/cm2 and 63 mAh/cm2 using a one-gram MAS. Figure 2-2B shows the voltage
versus capacity for MAS discharged on aluminum, zinc, and 316 stainless-steel surfaces
13

with PVA hydrogel electrolytes. For each metal, the average potentials were 1.36, 1.26 and
0.65 V and the discharge capacities were 159, 87, and 179 mAh/cm2. The extracted
capacities correspond to about 198, 148, and 232 um of oxidized aluminum, zinc, and steel.
The MAS also extracted energy from highly oxidized aluminum, zinc, and steel surfaces
(Figure 2-3 and Figure 2-4). On oxidized aluminum and zinc, the MAS extracted 94%
and 79% of the capacities measured on clean aluminum and zinc, which shows that the
MAS can extract energy from a variety of metals exposed to different environmental
conditions. Figure 2-2C shows the discharge polarization curves of PVA- and PAM-based
MAS on zinc. The linear polarization curves show that the potential losses were primarily
ohmic. The PVA-MAS had a peak power density of 81 mW/cm2 at 123.5 mA/cm2. The
PVA-MAS had peak power densities of 130 mW/cm2 and 25 mW/cm2 on aluminum and
stainless-steel (Figure 2-2D). These power densities were ~10x greater than the power
density of the best energy harvesters.26-29 Overall, the MAS can extract high capacity and
power density from zinc, aluminum, and steel surfaces, with aluminum performing the best.
We compared the morphology changes of zinc surfaces after discharges with PVA
and PAM to understand how the hydrogels impact the MAS performance. Figure 2-5
shows SEM images of zinc surfaces after discharges with PVA (left) and PAM (right)
hydrogels. The Zn-PVA morphology included uniform layers of flake-like porous reaction
product, while the reaction product in the Zn-PAM system was more dendritic. The ZnPAM surface roughness was also larger than the Zn-PVA due to local zinc pitting, which
reduced the oxidation reaction uniformity and likely led to the reduced performance shown
in Figure 2-2A. We hypothesize that the increased Zn-PAM surface roughness compared
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to Zn−PVA is likely due to that the ∼10× lower elastic modulus of PAM hydrogels (∼102
kPa) compared to PVA (∼103 kPa).45 The lower modulus allows PAM to deform and
penetrate into the evolving surface oxide and create inhomogeneous current densities,
while PVA maintains its shape and keeps a uniform current density.

Figure 2-2 Electrochemical performance of a stationary MAS. (A) Output voltage versus
specific capacities of MAS with PVA and PAM electrolytes on a zinc surface. The
discharge current density was 5 mA/cm2. (B) Output voltage versus specific capacities of
MAS with PVA electrolytes on aluminum, zinc, and stainless-steel surfaces. The discharge
current density was 5 mA/cm2. (C) Polarization curves (V-I) and corresponding power
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densities of a MAS with PVA and PAM electrolytes on a zinc surface. (D) Polarization
curves (V-I) and corresponding power densities of a MAS with PVA electrolytes on
aluminum, zinc, and stainless-steel surfaces.

Figure 2-3 (A) a photograph of the corroded Al and pure Al. (B) a photograph of the
corroded Zn and pure Zn. (C) Output voltage versus specific capacities of corroded Al and
corroded Zn with PVA at a current density of 5 mA/cm2.
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Figure 2-4 (A) a photograph of the original rusty steel. (B) the rusty steel after partially
polished. (C) the photo of the rusty steel pasting on the MAS. (D) the image of the rusty
steel after discharging. (E) Output voltage versus specific capacities of rusty steel with
PAM at a current density of 5 mA/cm2.

Figure 2-5 SEM images of zinc surfaces after a single discharge. (A) Zinc surface at a
PVA hydrogel interface (inset: high magnification image) and (B) zinc surface at a PAM
hydrogel interface (inset: high magnification image).
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Figure 2-6 The performance of a mobile MAS. (A) A photograph of a MAS-powered
electric vehicle constrained to move along in circle on a metal plate. Wicking paper
transports water stored in a reservoir to the hydrogel. (B) The velocity of the MAS-powered
electric vehicle in (A) per lap. Water is added in the 7th lap. (C) The maximum velocity of
the MAS-powered electric vehicle when carrying increased cargo mass. (D) A Ragone plot
comparing the energy and power density of our hydrogel-based metal air cells to
commercial and laboratory metal-air cells (A0=6 cm2, g0=1gram).
To study the ability of a MAS to provide power to a moving machine, a MAS
powered vehicle was configured to operate continuously in a circle on an aluminum sheet
(Figure 2-6A). After the first cycle, the aluminum surface oxidized and appeared white.
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The operating potential of the moving MAS was 1.3-0.8 V. Figure 2-6B shows the average
vehicle lap speed for the first 13 laps. The first lap speed was 2.53 mm/s. The speed
increased after the first lap to a maximum of 7.9 mm/s as the electrochemical kinetics
increased after the native oxide layer was penetrated. The speed increase after the first lap
was due to improved electrochemical kinetics after the native oxide was penetrated by the
electrolyte. The speed increase was not due to a reduction in the friction coefficient, which
increased as the aluminum surface was oxidized (Figure 2-7). The vehicle stopped in the
7th lap due to water loss in the hydrogel electrolyte, which occurred due to evaporation,
adsorption on the metal surface, and water consumption in the oxygen reduction reaction.
On a zinc surface, there is no net water loss from reactions as the water volume consumed
in the cathode reaction was released in the anode reaction. On aluminum, however, water
was not replaced in the anode reactions and needed to be added for the MAS to operate
continuously. The water loss generated a spatial hydration gradient in the hydrogel that
decreased the hydrogel ionic conductivity and volume until the output potential reached
0.94V, at which point the MAS could not deliver enough power to overcome the friction
forces, and the vehicle stopped. The vehicle was rehydrated with pure water in cycle 7 and
began operating normally until the hydrogel was dehydrated again. The wicking paper
facilitated water transport from the water reservoir to the hydrogel. In addition to a water
reservoir, electrolyte additives, such as SiO2 nanopowder, can improve water retention and
MAS output voltage (Figure 2-8).46 Hydrogels make excellent MAS electrolytes because
of their ability to facilitate electrochemical reactions, provide a lubricating layer, and hold
large volumes of water as the MAS traverses a metal surface.
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Figure 2-7 The Evolutions of friction coefficient of PVA-H2O, PVA-KOH, PAM-H2O and
PAM-KOH with Aluminum surface.
Figure 2-6C shows how increasing the cargo mass affected the vehicle velocity.
The initial vehicle mass with no cargo was 12.5 g, which was sufficient to drive the vehicle
in a straight line. For the circular experiments in Figure 2-3, 20 g of cargo had to be added
to prevent the tires from slipping. As the cargo mass was increased from 20 g to 50 g, the
velocity decreased from 7.5 to 5.5 mm/s.
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Figure 2-8 The Evolutions of water loss with time for PVA (A) and PAM (B) with and
without 5 wt.% SiO2 hydrogels. Output voltage versus specific capacities of MAS with
PVA and PAM with and without 5 wt.% SiO2 electrolytes on a zinc surface. The discharge
current density was 5 mA/cm2.
We compared the MAS performance to other metal-air batteries using a Ragone
plot (Figure 2-6D), which shows the maximum power density versus maximum energy
density of our MAS (colored circles), several commercial metal-air batteries (black squares,
A31247 and PP42548 zinc-air batteries), and laboratory demonstrated metal-air batteries
(black circles).21, 49-50 A stationary PVA-MAS on aluminum delivered a maximum specific
energy of 1299 Wh/kgMAS and maximum specific power of 217 W/kgMAS. We normalized
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the energy and power of our MAS by the MAS weight (including the hydrogel, cathode,
and current collector but not the metal anode or oxygen mass) as the MAS weight is the
only mass that the electric motor needs to transport. The stationary energy and power
densities were superior to other aluminum-air batteries.23, 49, 51-52 The MAS energy density
increased when it traversed along a metal surface as it extracted additional energy from the
metal without increasing the MAS mass. To accommodate the consumed and lost water
during travel, we added 0.8 g of water per 6 cm2 of new metal surface area. The red data
points in Figure 2-6D show the increased energy density of the MAS as it traversed a metal
surface (following the arrow from left to right). The energy density includes the mass of
the added water (Table 1). The power density includes just the mass of a single MAS. Each
data point for the PVA and PAM MAS on aluminum corresponds to a traversed metal
surface area x-times larger than a 6 cm2 stationary MAS, where x is labeled below the data
points. The added water mass normalized by the original MAS mass (g0=1gram) is shown
above the data. The PVA-MAS on zinc surfaces had a similar performance enhancement
over commercial and laboratory zinc-air batteries as the MAS on aluminum.53 Overall, with
water addition, the MAS has 2.3X the energy density of metal-air batteries and 12.7X the
energy density of lithium-ion batteries (243 Wh/kg).21, 54
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Table 1 Data for the aluminum-MAS in Figure 2-6D
Total Area

Total water

Max energy density

Max power density

(Area/A0)

added

(Wh/kg)

(W/kg)

(grams/g0)

PVA

PAM

PVA

PAM

1

1

1299

1044

217

191

2

1.8

1435

1154

217

191

10

8

1800

1472

213

190

20

16

2122

1765

210

188

30

24

2370

2014

207

186

40

32

2570

2227

205

183

50

40

2747

2364

202

180

60

48

2857

2508

196

178

70

56

2960

2632

190

175

80

64

3022

2745

182

172

90

72

3097

2838

177

169

We characterized the hydrogel conductivity and surface morphology before and
after discharging the MAS over 90x the initial MAS surface area, A/A0=90, to understand
how the hydrogels affected the mobile MAS performance. Figures 2-9A-D shows optical
microscopy images of the PVA and PAM surfaces after discharging the MAS on aluminum
over 90x the initial MAS area. The aluminum oxidation products did not adhere to the PVA
surface but did adhere to the PAM surface due to the low elastic modulus and high adhesion
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of PAM hydrogels. The PAM compliance, however, might make it more robust to
continued use as it had superior performance retention than PVA (Figure 2-9D), despite
losing water faster. Figures 2-9E and F shows the ionic conductivity of PVA and PAM
hydrogels after the MAS was fully discharge on fresh aluminum surfaces with total area
A/A0=90. The initial PVA hydrogel electrolyte exhibited a first cycle ionic conductivity of
8.36 × 10−2 S cm−1 compared to 1.75 × 10−2 S cm−1 for PAM. During 90 cycles, the PAM
ionic conductivity decreased 8.9%, but the PVA ionic conductivity decreased only 0.5%,
showing that very little anode oxidation product remained in the hydrogel. The hydrogel,
therefore, does not gain much mass due to reaction products, which is a benefit over
conventional metal air batteries whose mass increases during discharge.
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Figure 2-9 Optical photos of PVA hydrogel before (A) and after (B) discharging on
aluminum over 90x the MAS area. Optical photos of PAM hydrogel before (C) and after
(D) discharging on aluminum over 90x the MAS area. Ionic conductivity of PVA (E) and
PAM (F) during discharge on aluminum surfaces in (A-D).
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In summary, we show that hydrogel electrolytes with oxygen reduction cathodes
can electrochemically scavenge large amounts of energy at high power from metal surfaces.
The high performance of the metal-air scavenger can be utilized by robots for continuous
inspection of metal surfaces, recharging using scrap metal, and by robots and electronics
that operate on or near metal surfaces prolific in urban environments.
2.4 Conclusion
In summary, we show that hydrogel electrolytes with oxygen reduction cathodes
can electrochemically scavenge large amounts of energy at high power from metal surfaces.
The high performance of the metal-air scavenger can be utilized by robots for continuous
inspection of metal surfaces, recharging using scrap metal, and by robots and electronics
that operate on or near metal surfaces prolific in urban environments. Centimeter scale and
smaller robots, vehicles, and electronics will especially benefit from the orders of
magnitude more energy available using a metal-air scavenger compared to traditional
micro energy storage technologies that scale poorly.
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CHAPTER 3: Numerical Modeling and Analysis
3.1 Mathematical Model
In this project, we will develop a one-dimensional mathematical model of zinc-air
battery, which fully capture the transport physics, to understand how the kinetics of mass
transport in hydrogel electrolytes. The proposed model provided the voltage profile and
distributions of the key variables, such as hydroxide ion and zincate ion, which may be
critical to determination of the zinc utilization.
All the reactions can be expressed as:
Anode:
Electrolyte:
Cathode:

!
Zn + 4OH ! → Zn(OH)#!
" + 2e

(1)

Zn(OH)#!
↔ ZnO + 2OH ! + H# O
"

(2)

$

(3)

#

O# + H# O + 2e! → 2OH !

A general mass balance for species 𝑘 (OH-, Zn(OH)42- and K+) in the electrolyte
phase can be written for one dimension as
𝜕𝜀 ∙ 𝐶%
𝜕
=−
𝑁 + 𝑅%
𝜕𝑡
𝜕𝑥 %
where ε is the porosity of hydrogel, C' is the concentration of species 𝑘, 𝑁% is the flux
density and R ' is the reaction rate.
Since the electrolyte is immobilized by hydrogel, the solution convection is
probably insignificant and is not included here. So, the flux density 𝑁% of each species in
the hydrogel is the sum of the diffusion flux density and migration flux density.
𝑁% = −𝐷% ∙ 𝜀 $() ∙

𝜕𝜑*+,
𝜕 ∙ 𝐶%
𝐹
− 𝑧% ∙ 𝐷% ∙ 𝜀 $() ∙
∙ 𝐶% ∙
𝜕𝑥
𝑅𝑇
𝜕𝑥
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Where D' is the diffusion coefficient, 𝜏 is the tortuosity, z' is the charge number, ./ is the
Nernst factor and 𝜑*+, is the electric potential in the liquid electrolyte phase in hydrogel.
The precipitation and dissolution of ZnO in reaction (3) were expressed by the following
reaction rates:
# #
𝑅01(34)"#
= −𝑘6 ∙ 𝐶01(34)"#
∙ 𝜀 + 𝑘7 ∙ 𝐶34
∙𝜀
!
!

𝑅34 # = −2 ∙ 𝑅01(34)"#
!
Electroneutrality: ∑ z' ∙ C' = 0
The potential in the electrolyte phase, ϕ8 can be obtained by i9 = -κ9:: ∙ ∇ϕ9 , where the
effective ionic conductivity, 𝜅866 is determined by the Bruggeman correction:
𝜅866 = 𝜀 $() ∙ 𝜅
We used Bulter-Volmer equation to describe the kinetics of the Zn oxidation and ORR at
cathode side:
𝑖; = 𝑖<; ∙ [𝐶$= ∙ 𝑒𝑥𝑝 S

2𝛼𝐹
2(1 − 𝛼)𝐹
𝜂V − 𝐶# ∙ 𝑒𝑥𝑝 W−
𝜂X
𝑅𝑇
𝑅𝑇

𝑖> = −𝑖<> ∙ 𝐶# ∙ exp (−

𝐹
𝜂)
𝑅𝑇

Where α is the transfer number and i<? and i<@ is the anode and cathode exchange current
density.
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Table 2 The simulation parameters of the zinc air batteries
Initial concentration of OH -

𝐶34 #

2.45 M

𝐷34 #

5.26 × 10-B cm2/s

𝐷01(34)"#
!

2.0 × 10-C cm2/s

Porosity of PVA

𝜀DEF

0.85

Porosity of PAM

𝜀DFG

0.90

𝑘6

3.7× 10!= 1/s

𝑘7

𝑘6
, 𝐾 = 0.03 𝑚𝑜𝑙/𝑐𝑚=
𝐾

t

3 mm

𝑖<;

1.00 × 10"

density

𝑖<>

7.77 × 10-$<

Transfer number

𝛼

0.5

Diffusion coefficient of
𝑂𝐻!
Diffusion coefficient of
Zn(OH)#"

Forward chemical rate of
reaction (3)
Backward chemical rate of
reaction (3)
Thickness of hydrogel
Cathode exchange current
density
Cathode exchange current

3.2 Results
To test the validity of the proposed model, Figure 3-1a shows the predicted
discharge behavior at 5 mA/cm2 is an acceptable agreement with experimental data. The
overpotential of anode side increases slightly before it rapidly increases at the end of
discharge (Figure 3-1b). This final overpotential increase is due to the diffusion limitation
through the nucleation of ZnO and the precipitation of zincate. The overpotential difference
between the predicted and experimental data is mainly attributed to the ion conductivity of
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the hydrogel decrease because we assume that the zincate decomposition reaction only
happen in the hydrogel.

Figure 3-1 (a) Experimentally measured and simulated cell voltage profiles during
discharge at a current density of 5 mA/cm2. (b) The predicted potential loss at cathode and
anode sides during discharge.
Next, we want to understand the concentration profiles of hydroxide and zincate
(Figure 3-2) because it’s difficult to measure the concentration of ions in the electrolyte
during discharge. After discharging for 0.5h, we observed that the hydroxide concentration
is increasing towards the cathode because the oxygen reduction reaction whereas the
zincate concentration is maximal in the anode side. The concentration of hydroxide ion
decreases a lot at the end of discharge because slow decomposition of zincate.

30

Figure 3-2 Distribution of the species molar concentration after discharge for 0.5h (a) and
the end of the discharge (b).
3.3 Conclusion
In this chapter, a 1D numerical model was created to simulate the battery
performance of zinc-air cell with an alkaline electrolyte. The model was validated by
comparing the predicted discharge curves for voltage and power density at different current
densities with published experimental data. The models agree well with experimental data
and provide a theoretical foundation for further optimization of air batteries systems in the
future.
.
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CHAPTER 4: Surface Facet Engineering in Nanoporous Gold for Low-Loading
Catalysts in Aluminum-Air Batteries
4.1 Introduction
While lithium-ion batteries provide a near-term solution for electric vehicles,
alternative battery chemistries that are more abundant and provide higher energy or power
density are necessary to fully transition from fossil fuel to renewable energy powered
transportation.3, 12, 55-56 Aluminum and zinc-based batteries are promising energy storage
technologies for long distance shipping and aircraft because of their high theoretical energy
densities, earth abundance, and potential for high power density due to their multivalent
ions.23,

57-60

Pairing these multivalent metal anodes with the electrochemical oxygen

reduction reaction (ORR) for metal-air batteries further improves the battery energy
densities over lithium-ion batteries because the mass of the cathode is low since oxygen
does not need to be stored within the battery.4, 23, 58-59, 61-63 In metal-air batteries which use
alkaline electrolytes,64-67 the theoretical voltage of the ORR under standard conditions is
0.40 V versus the standard hydrogen electrode (SHE).68 For this reaction to proceed with
practical kinetics, large overpotentials are needed so that catalysts are required to lower
these overpotentials by improving the ORR selectivity and efficiency.69 The best catalysts,
such as platinum, require a relatively high mass loading to deliver a practical power density
in metal-air batteries.70-73 A high mass loading is problematic since it reduces the overall
energy density of the battery. Furthermore, state-of-the-art ORR electrocatalysts including
Pt, Au, and Ir are made of expensive precious elements, so that lowering the mass loading
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can mitigate costs. New materials and material processing techniques are needed to realize
catalysts that perform as well as or better than platinum but use lower mass loading.
The atomic arrangement of a catalyst’s surface plays an important role in its
electrocatalytic activity.74-77 New synthesis techniques for nanometer scale metals with
well-defined surface structures have enabled the investigation of facet effects on
electrochemical reactions.78-86 Although platinum is widely used as the standard highperformance ORR catalyst, the (100) facet of gold shows lower overpotential for ORR in
alkaline solution,87 meaning that if the density of (100) facets is significantly increased on
the surface of gold, it can perform better than platinum in alkaline solution.88-90 Although
the four-electron reduction of oxygen preferentially occurs on Au (100), gold is rarely used
as an ORR catalyst because it is enriched with Au (111) and Au (110) surfaces, which
prefer the two-electron reduction involving higher overpotentials compared to Au(100).88
Techniques that prepare the surface of gold with a high density of (100) facets could realize
catalysts that outperform platinum and reduce the catalyst loading of ORR electrodes.91-93
Additionally, if these techniques can be coupled with scalable processes that produce large
volumes of material with nanometer scale features, such as dealloying,94 they could be
applied to improve the performance and reduce the cost of a broad range of metal
catalysts.95-98
In this work, we study how chemical and electrochemical dealloying in the presence
of surfactants affects the surface chemistry and oxygen reduction performance of
nanoporous gold (npAu) catalysts.99-101 Electron backscatter diffraction (EBSD) shows that
dealloying in the presence of sodium citrate increases the density of (100) facets on the
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resulting npAu. We compare the electrochemical performance, electron transfer number,
and stability of surfactant dealloyed npAu to non-surfactant dealloyed npAu and
platinum/carbon. We show that by controlling the surface energies that determine facet
expression in npAu, we can achieve higher voltage and power density than with high
performance commercial platinum/carbon electrodes at a 10X lower mass loading in
aluminum-air batteries. In addition, we show that the citrate dealloyed npAu shows the
highest catalytic activity of npAu samples with the lowest number of steps and kinks, while
also having the highest stability. This performance breaks from the classic trade-off in
nanoparticle metal catalysts where steps and kinks improve activity but reduce stability.
This work shows that electrochemical dealloying is a scalable approach for controlling the
structure of metal ORR catalysts and can be applied to increase the performance and reduce
the cost of metal-air battery electrodes.
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4.2 Experiment Section

Figure 4-1 (A-B) the schematic illustration of the fabrication procedures for porous gold
nanostructures via chemically dealloying and electrochemical dealloying. (C) One acetate
anion binding on Au (100) mode surface. (D) SEM images of chemically and
electrochemically dealloyed nanoporous gold.
4.2.1 Slurry electrode preparation using chemically dealloyed nanoporous gold
electrocatalyst (Chem-npAu)
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In a typical synthesis procedure, two batches of npAu were prepared by transferring
~100 nm thick gold-silver leaves with composition Ag75Au25 wt. % (Imtradex Corp) into a
48 wt.% HNO3 solution filled glassy petri dish with 2 mg/mL of sodium citrate (batch 1),
and without sodium citrate (batch 2), for 6 h at room temperature (Figure 4-1A).87, 102 After
dealloying, excess acid was removed from the bath and replaced with deionized water. This
process was repeated until the water pH became 7. Next, we dried the small pieces of film
samples in a mortar and ground the samples into about 100 um sized particles. We then
added Super P carbon black and polyvinylidene fluoride (PVDF) binder in N-Methyl-2pyrrolidone (NMP) to form a slurry with a weight ratio of 8:1:1 for npAu, carbon, and
PVDF. Finally, we cast the above slurry onto carbon paper with a npAu loading of 2
mg/cm2 using a doctor blade and dried the samples in a vacuum oven at 80 ℃ overnight to
evaporate residual NMP and water. These samples are called Chem-npAu, when dealloyed
without sodium citrate, or Chem-npAu-citrate, when dealloyed with sodium citrate.
4.2.2 Laminated Electrode preparation using electrolytically dealloyed nanoporous gold
electrocatalyst (Elec-npAu)
Next, we fabricated electrolytically dealloyed npAu on carbon paper, which we
called Elec-npAu-citrate, through electrochemical dealloying of the Ag75Au25 leaves
laminated on carbon paper in a 0.1 M sulfuric acid aqueous solution with and without
sodium citrate under 0.7 V vs Ag/AgCl for 12h using a three electrode system at room
temperature (Figure 4-1B).103 In a typical synthesis procedure, we used three layers of 100nm-thick Ag75Au25 leaves laminated on a carbon paper as the working electrode, a platinum
plate as counter electrode, and Ag/AgCl as a reference electrode in a home-built cell
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(Figure 4-2). The electrolyte was 0.1 M sulfuric acid with 2 mg/mL sodium citrate (batch
1) and without sodium citrate (batch 2). The working electrode area was 5 cm2. We
laminated three layers of Ag75Au25 leaves onto carbon paper by first wetting the carbon and
then laying the Ag75Au25 leaves sequentially, followed by drying. After dealloying, the
samples were rinsed with ammonium hydroxide and deionized water until the pH of water
became 7. Laminated electrodes with 0.2 mg/cm2 loading were used for all battery
measurements.

Figure 4-2 An illustration of the primary Al-air battery setup used to test battery
performance.
4.2.3 Electrochemical measurements
We tested the performance of primary Al-air batteries using a home-built cell
(Figure 4-2) with a metallic aluminum anode (6061, purchased from McMaster-Carr),
npAu and Pt/C cathodes, and 6 M KOH aqueous electrolyte with added corrosion inhibitors,
10 mM Na2SnO3 + 0.5 mM In(OH)3 + 7.5 mM ZnO (Table S1).104 The reaction area of
anode and cathode were both 5 cm2. The synthesized Elec-npAu and Elec-npAu-citrate
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(0.2 mg/cm2), Chem-npAu and Chem-npAu-citrate (2.1mg/cm2) and Pt/C (2 mg/cm2,
FuelCellEtc Company) were used as the air cathodes.
We studied the ORR kinetics of npAu samples and 20 % Pt on Vulcan XC72
powder (Sigma) using a BioLogic workstation in combination with a rotating disk
electrode system (RDE, BASi company). First, we dispersed 1 mg of the npAu samples
into a solution of 0.4 mL deionized water and 0.1 mL IPA and 20 uL of 5 wt% Nafion.
Then we sonicated the mixture for 1h to make a homogeneous ink and pipetted 5 µL of the
suspension onto the surface of polished glassy carbon working electrodes. We repeated the
same procedure for Pt electrodes, substituting 5mg 20 % Pt/C powder (Platinum on
graphitized carbon, Sigma) for the npAu. The counter electrode was a Pt wire and the
reference electrode was Hg/HgO. We tested the polarization curves by using linear sweep
voltammetry (LSV) with a scan rate of 10 mV/s after purging with O2 in 0.1 M KOH
solution for at least 30 min to saturate the solution with O2. We determined the initial
potential at the current density of 0.1 mA/cm2 in the LSV curves. We calibrated all the
potentials to the reversible hydrogen electrode (RHE) potential calculated from the
equation ERHE = EHg/HgO + 0.059pH + 0.098V.
Pb underpotential deposition (UPD) in alkaline condition was used to identify and
quantitively determine the active surface facets in the abovementioned four sets of npAu
samples. For the UPD measurements, npAu samples were loaded onto glassy carbon
electrodes and used as working electrode, a Pt wire as counter electrode and Hg/HgO as
reference electrode in 0.1 M NaOH + 1 mM Pb(ClO4)2 electrolyte. Cyclic voltammetry
(CV) was performed at a scan rate of 20 mV/s. For all CVs, a single strong reduction peak
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was observed during cathodic sweep suggesting the deposition of Pb2+, while several
oxidation peaks emerged at different voltage positions during anodic sweep corresponding
to the stripping of Pb from different facets. Thus, the anodic sweep was used for peak
analysis.
4.2.4 Structural Characterization
Scanning electron micrographs (SEM) were taken using a JEOL 7500F HRSEM
operated at 18 kV. A FEI Quanta 600 FEG Mark II Environmental Scanning Electron
Microscope equipped with an electron backscatter diffraction detector (EDAX) was used
to structurally characterize the npAu. The microscope was operated in high vacuum mode.
EBSD mapping was performed at 15 kV and 2 nA at scan step 80 nm. The data were
analyzed using the TSL OIM software to obtain inverse pole figure maps, inverse pole
figures, and misorientation angle distributions. High-angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) was performed to image npAu
samples. Aberration-corrected STEM images were collected from a JEOL NEOARM
STEM operating at 200 kV and a condenser lens aperture of 40 μm with a camera length
of 4 cm and a probe current of 120 pA. A Bio-logic potentiostat (Model SP-300) was used
for all electrochemical measurements.
We used the following analytic expression to estimate the specific surface area of
our nanoporous gold samples: 𝑆 =

H
IJ

. In this expression, C represents a constant of 3.7

associated with the shape and geometry of disordered nanoporous materials, 𝜌 and 𝑑 are
the solid bulk density and average ligament size of the nanoporous gold.105-107
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4.3 Results and Discussion
NpAu catalysts modified with surfactant during dealloying improved the voltage
output, capacity, and power density of aluminum-air batteries. Figure 4-1D-E show SEM
images of npAu catalysts chemically (Chem-npAu-citrate) and electrolytically (ElecnpAu-citrate) dealloyed with sodium citrate. Both samples had similar sized channel–pore
diameters, while Elec-npAu-citrate had a smaller ligament size (~ 24.5 nm) than ChemnpAu-citrate (~ 42.4 nm) (Figure 4-3), which resulted in a ~ 1.7 X enhanced surface area
of Elec-npAu-citrate (7.8 m2/g) samples over Chem-npAu-citrate (4.5 m2/g, see structural
characterization section for calculation). The porous structure of the dealloyed samples
were also verified using aberration corrected STEM (Figure 4-4).

Figure 4-3 SEM images and corresponding ligament size distribution of Chem-npAucitrate (A, C) and Elec-npAu-citrate electrodes (B, D).
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Figure 4-4 STEM images of the npAu electrodes.
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Figure 4-5 (A) A schematic of a primary Al-air battery. (B) Specific capacities of the Alair batteries with Pt/C, Chem-npAu, Chem-npAu-citrate, Elec-npAu and Elec-npAu-citrate
cathodes at current density of 50 mA/cm2. (C) A polarization curve (V-I) and
corresponding power density plot of the batteries. (D) Voltage versus capacity of the same
battery with Elec-npAu-citrate for discharging currents of 50, 100, 150, 200, and 250
mA/cm2.
We measured the performance of these catalysts, and control samples, in Al-air
batteries (Figure 4-5A). Figure 4-5B shows the specific discharge capacity of Elec-npAu,
Elec-npAu-citrate, Chem-npAu, Chem-npAu-citrate and common commercial Pt/C at a
current density of 50 mA/cm2. The specific capacity of the 0.2 mg/cm2 Elec-npAu-citrate
and 2.1 mg/cm2 Chem-npAu-citrate were 2052 Ah/kg and 2063 Ah/kg, which was
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calculated on the basis of consumed aluminum mass. The electrochemical performance of
the Elec-npAu-citrate was comparable to the commercial 2.0 mg/cm2 Pt/C (2081 Ah/kg),
despite the Elec-npAu-citrate having 10X lower loading. The batteries with cathode
dealloyed in sodium citrate surfactant achieved higher capacity than those without
surfactant. We also note that the Elec-npAu-citrate showed lower ORR overpotentials than
those of other electrodes, with an average discharge potential of 1.40V compared to 1.38V
and 1.36V for Pt/C and Chem-npAu-citrate, which is consistent with the measured
impedance spectra results (Figure 4-6). We also measured the output voltage and power
of Al-air batteries over a 0 to 400 mA/cm2 current range (Figure 4-5C). The discharge
polarization curves showed that the 0.2 mg/cm2 Elec-npAu-citrate achieved the highest
peak power density of 237 mW/cm2 compared with other samples. The high-rate
performance is important for rapid discharging in high-power applications. Finally, we
measured the voltage and specific capacity as a function of current density for an Al-air
battery with 0.2 mg/cm2 Elec-npAu-citrate cathode (Figure 4-5D). The output energy
increased as the current density increased until 200 mA/cm2. The output energy increased
because the discharge time was lower at higher rates, so the amount of Al lost from parasitic
hydrogen evolution reactions was reduced. At higher rates than 200 mA/cm2, the amount
of capacity loss from hydrogen evolution was low and the Al-air batteries approached their
theoretical capacity of 2980 mAh/g. The differences between the measured and theoretical
capacities were due to aluminum hydroxide precipitates,59 which blocked the reaction, and
sections of the Al plate anode becoming electrically isolated due to uneven etching. Overall,
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we demonstrated improved Al-air battery performance using sodium citrate surfactant
dealloyed Au compared to non-surfactant dealloyed Au and commercial Pt/C.

Figure 4-6 Nyquist plots obtained by Electrochemical impedance spectroscopy of all npAu
electrodes and Pt/C.
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Figure 4-7 (A) LSV curves of the catalyst samples in O2-saturated 0.1 M KOH electrolytes
(electrode rotating speed, 1,600 r.p.m.; scan rate, 10 mV/s). (B) LSV curves of the ElecnpAu-citrate at different rotating speed. (C) Electron transfer numbers calculated from the
Koutechy–Levich plots of the catalyst samples. (D) Chronoamperometric response of the
Elec-npAu-citrate, Chem-npAu-citrate and Pt/C at 0.80 V (vs. RHE) with 1,600 r.p.m.
Linear sweep voltammetry (LSV) in an RDE instrument measured the ORR
kinetics of the different catalysts under oxygen rich conditions. Figure 4-7A shows LSV
curves for all catalysts. The LSV curves for the Elec-npAu-citrate and Chem-npAu-citrate
electrodes (Figure 4-7A) were similar, with onset potentials of 0.93 ± 0.01 V and half45

wave potentials of E1/2 = 0.83± 0.01 V, which were slightly lower than the onset potential
(0.95 ± 0.01 V) and half-wave potential (0.80 ± 0.01 V) of commercial 20% Pt on Vulcan
XC72 powder. The presence of sodium citrate during dealloying significantly decreased
the overpotential of the cathode. Figure 4-7B shows the LSV curves for the Elec-npAucitrate catalyst as a function of rotation rate from 400 to 2000 rpm, which suggests the ORR
is in a regime controlled by mixed kinetic-diffusion in the potential range of 0.4 -0.8 V.
The LSV curves of Pt/C, Chem-npAu-citrate, Elec-npAu, and Chem-npAu measured at
different rotation rates are shown in Figure 4-8. Figure 4-9 shows the mass transfer
corrected Tafel plots. The Tafel slope of the Elec-npAu-citrate at a low overpotential region
showed the lowest slope of 56 mV/dec, which was lower than Pt/C (78 mV/dec). To study
the reaction pathway for the ORR, we calculated the number of electrons transferred per
oxygen molecule using Koutecky−Levich theory (Figure 4-7C).69 The number of electrons
for the Elec-npAu-citrate, Chem-npAu-citrate, and Pt/C were 3.8-4.0, implying that the
direct four-electron pathway was the dominant pathway during ORR. In addition to ORR
activity, the electrochemical stability of the catalysts is important for assessing the catalyst
performance. Figure 4-7D shows the chronoamperometric (i–t) response of Elec-npAucitrate, Chem-npAu-citrate, and Pt/C during ORR. The Elec-npAu-citrate catalyst showed
superior stability to Pt/C catalyst, with small decay (~ 17%) in ORR activity for 25 h of
successive operation. In contrast, the Pt/C exhibited ~ 30% decrease in activity.
Interestingly, Chem-npAu-citrate also had better stability than that of Pt/C. This could be
attributed to the higher oxidation potential of Au than that of Pt in alkaline solution.78 The
changes in XRD peaks (Figure 4-10) and SEM images (Figure 4-1E, 4-11) of Elec-npAu46

citrate before and after the 25 hour i-t test are minimal. In contrast, the Chem-npAu-citrate
ligametns exhibit particle-like morphology after the i-t test, rather than the original
continuous porous morphology in Figure 1D, which is consistent with widening XRD peak.
The excellent performance of Elec-npAu-citrate demonstrates that the facet control
mechanism in this study is highly effective for promoting ORR activity.
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Figure 4-8 LSV curves of the Pt/C, Chem-npAu-citrate, Elec-npAu, and Chem-npAu at
different rotating speeds.
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Figure 4-9 Tafel plots of all the npAu electrodes and Pt/C.

Figure 4-10 XRD measurements of Chem-npAu-citrate (A) and Elec-npAu-citrate (B)
before and after 25h chronoamperometric measurement.
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Figure 4-11 SEM images of Chem-npAu-citrate (A) and Elec-npAu-citrate (B) before and
after the 25h chronoamperometric measurement.
Lead underpotential deposition (UPD-Pb) in an alkaline medium was carried out to
further confirm the origin of the enhanced ORR performance of facet-controlled npAu.
UPD-Pb is a unique and promising technique to characterize the surface facets as it is
sensitive to local order, and similar measurements on npAu have been studied
previously.108-110 Figure 4-12A-D show the anodic sweep of UPD-Pb for Chem-npAu,
Chem-npAu-citrate, Elec-npAu, and Elec-npAu-citrate, respectively. Based on the
reported data, there are primarily four Pb stripping peaks: the peak at around 0.27 V vs
RHE for step/kinks, the shoulder peak at around 0.41 V vs RHE for (111) facets, the peak
at around 0.45 V vs RHE for (100) facets, and finally a strong peak at around 0.57 V vs
RHE for (110) facets.87, 108, 110 Figure 4-12E summarizes the relative content of each facet.
Interestingly, in both chemically and electrolytically dealloyed cases, after citrate treatment
the relative number of step/kink facets significantly decreased, while the (100) facets
almost doubled (12.06% to 25.59% in chemically dealloyed npAu and 11.16% to 22.87%
in electrolytically dealloyed npAu). This result is in agreement with the enhanced ORR
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performance of citrate dealloyed samples compared to samples dealloyed with citrate, since
the ORR reaction preferentially occurs on Au (100). We hypothesize that the simultaneous
increase in (100) facets and reduction in steps/kinks in citrate samples is due to the
surfactants reducing the nucleation rate and allowing more time for adatoms to diffuse into
the step/kink sites. This has the effect of elongating the (100) surfaces and reducing
steps/kinks, similar to mechanism seen in gold nanoparticle shape evolution.111 Typically,
a high concentration of steps and kinks is associated with higher activity but lower stability
in metal nanoparticle catalysts.112 The Elec-npAu-citrate samples reported here, however,
exhibit higher catalytic activity and improved stability over non-citrate dealloyed samples,
despite having significantly fewer steps and kinks.
It is worth mentioning that the overall catalytic activity is determined by various
parameters, i.e. the ligament sizes which affect the specific surface area and pore sizes
which affect the mass transport of reactants/products.105, 113 So, although the Chem-npAucitrate shows the highest (100) ratio, Elec-npAu-citrate can achieve superior performance
with only 9.5% of the Chem-npAu-citrate mass loading in Al-air batteries because it has
higher surface area and maintains its film structure after dealloying so that, after laminating
the catalyst on the current collector, the entire catalyst surface contacts the electrolyte.
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Figure 4-12 Pb desorption voltammetry profiles of Chem-npAu (A), Chem-npAu-citrate
(B), Elec-npAu (C) and Elec-npAu-citrate (D) in 0.1 M NaOH + 1 mM Pb(ClO4)2 solution.
Scan rate: 20 mV/s. (E) The percentages of different facets in the dealloyed samples.
The 100 nm thick Ag75Au25 alloy used to prepare the npAu samples have highly
anisotropic and elongated grains, as shown in Figure 4-13. The corresponding inverse pole
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figure shows that most of the alloy surface facets are (100) oriented, although some are
(111) and (101) oriented, with varying degrees of misorientation. Figure 4-14 shows the
EBSD inverse pole figure maps and corresponding inverse pole figures of all npAu
samples.114 After chemically dealloying (Figure 4-14A-B), the revealed surface facet
orientations undergo significant changes, while the grain structure does not appear to
change significantly, and the grains remain elongated. For samples chemically dealloyed
in the absence of any surfactant, the ratio of (111) surface facets to (100) surface facets
increase significantly. On the other hand, samples chemically dealloyed in the presence of
sodium citrate surfactant exhibited a decrease in the ratio of (111) surface facets to (100)
surface facets. For electrolytically dealloyed samples (Figure 4-14C-D), the ratio of non(100) surface facets to (100) surface facets is also decreased when sodium citrate surfactant
is used during the dealloying process. In particular, the electrolytically dealloyed sample
in the absence of surfactant exhibited a number of (101)-oriented surface facets; which is
consistent with surface adatom reconfiguration from the higher energy (100) facet (0.86
J/m2) to the lower energy (101) facet (0.83 J/m2).115 Figure 4-14E-H show the
corresponding inverse pole figures to compare the effect of surfactant on the preference for
exposed surface facets for a clearer illustration of the change in ratio for non-(100) to (100)
surface facets. This is consistent with existing literature suggesting that carboxylate groups
preferentially bind to the (100) facet compared to the non-(100) facet.116 Dealloying in the
absence and presence of citrate surfactant can be understood in terms of surface energy
minimization. In the absence of surfactant, the surface energy of Au (111) is lower than
that of Au (100), and Au (111) is preferentially exposed.117 During dealloying in the
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absence of surfactant, combined effects from etching and surface adatom mobility would
thermodynamically favor Au (111) compared to Au (100). On the other hand, differences
in binding energy between the citrate surfactant and Au (111) and Au (100) reverse this
effect when the surfactant is present during dealloying.118

Figure 4-13 (A) EBSD inverse pole figure map and corresponding inverse pole figures (B)
for pristine Au/Ag alloy. (C) Misorientation angle distribution for pristine Au/Ag alloy.

53

Figure 4-14 EBSD inverse pole figure maps (A-B) and corresponding inverse pole figures
(E-F) for chemically dealloying electrodes without and with surfactant. EBSD inverse pole
figure maps (C-D) and corresponding inverse pole figures (G-H) for electrochemical
dealloying electrodes without and with surfactant. (I-J) Misorientation angle distribution
for Chem-npAu and Chem-npAu-citrate. (K-L) Misorientation angle distribution for ElecnpAu and Elec-npAu-citrate.
Furthermore, we analyzed the misorientation angle distribution for the npAu in
Figure 4-14I-L. We observed that the dealloyed Au appears to exhibit similar
misorientation angle distributions independent of whether or not surfactant was present.
Because the misorientation angle distribution is related to the geometrically necessary
dislocation density, the lack of a significant change in misorientation angles suggests that
dislocations do not play a very important role in the catalytic activity of the npAu. This is
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consistent with the expectation that the surface facet orientation is the primary factor in the
observed improvement in cathode electrochemical performance.
4.4 Conclusion
We have shown that the electrolytically dealloyed npAu with citrate is an attractive
replacement for commercial Pt/C catalysts for the ORR under alkaline conditions in Al air
batteries, exhibiting low-loading mass, high operation voltage, excellent long-term stability,
and promote nearly ideal four-electron reduction of oxygen, which is an exceptional
combination of performance. Further mechanistic studies using in-situ characterization of
facet structure evolution in npAu could be helpful to gain better understanding of the nature
of the surface reconstruction during the dealloying process. Citrate surfactant control over
facet structure in electrolytically dealloyed npAu is important because it demonstrates that
high catalytic activity and stability can be tuned for this industrially scalable process. This
approach is very promising for realizing low mass loading, cost-efficient catalysts: the
electrolytically dealloyed npAu is approximately 55 times less expensive than commercial
Pt/C electrodes.
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CHAPTER 5: The study of Microstructural Evolution of Metal Anode
5.1 Introduction
In this Chapter, we are studying the metal-hydrogel interface because the
performance of electrochemical system is dominated by the physics and chemistry at or
near the electrode interfaces. First, we present an overview of the oxidation process of a
metal anode in an alkaline electrolyte. After electrons are removed from the metal, the
metal atom becomes positively charged and quickly reacts with nearby OH- ions to balance
this charge. The metal hydroxide is either soluble in the electrolyte or precipitates to form
a film. If the metal hydroxide is soluble or if the film is porous, the metal will remain in
contact with the electrolyte and continue to oxide. If the metal hydroxide film is dense and
non-conductive, then the metal surface will be passivated and will stop reacting. In zinc
and aluminum, the hydroxide is soluble and precipitates to form a porous film that allows
the metal to be continuously oxidized. It is, however, common to only achieve ~2/3 of the
total metal capacity during discharge due to corrosion (hydrogen evolution), passivation of
the metal surface, or metal becoming electrically isolated from the current collector.
Understanding which kinetic mechanism is most responsible for the reduce capacity is
critical to achieving higher energy density. There have been numerous studies on metal-air
batteries that focus on corrosion and passivation, but most are limited to thermodynamic
studies that measure or predict the equilibrium states at the metal surface using multiple
electrochemical characterization tools as well as surface or bulk chemical characterization
tools such as x-ray diffraction, scanning electron microscopy (SEM), or energy-dispersive
x-ray spectroscopy (EDS). To truly understand the kinetics, especially in our case where
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we have a solid electrolyte, it is critical to know how the 3-D morphology and composition
of the metal-hydrogel interface evolves. In this research project, we will use micro-CT and
Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) to provide a detailed
morphology evolution of the physical changes and electrochemical kinetics of the metalhydrogel interface during MAS discharge.
5.2 Experiment Section
5.2.1 Electrochemical measurements
An SP-300 Bio-Logic electrochemistry workstation measured the discharge and
polarization performance of MAS on 6061 aluminum, at room temperature. The reaction
area was 1.0 cm2. We used a commercial Pt/Carbon gas diffusion electrode (0.5 mg/cm²
60% platinum from FuelCellsEtc) as the cathode and PVA hydrogel (Chapter 2) with 6M
KOH as electrolyte. Gravimetric capacities and energy densities were normalized by the
reaction area.
5.2.2 Structural Characterization
A FEI Quanta 600 FEG Mark II Environmental Scanning Electron Microscope
equipped with an electron backscatter diffraction detector (EDAX) was used to structurally
characterize the samples. A Tescan S8000 DualBeam Xe ion focused ion beam/scanning
electron microscope system to characterize cross-sections of samples. All milling was
performed at high currents such as 300nA and 1μm to shorten the milling process. Energy
dispersive detector (EDS) mappings were collected with an electron current of 1 nA at 30
KeV.
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5.2 Results and Discussion
Figure 5-1 showed that the compact passivated crack microstructure oxide layer on
the surface of aluminum sheet after discharging at a current density of 10 mA/cm2 for 3
hours. Energy dispersive spectroscopy (EDS) mapping of the sample (Figure 5-2)
displayed a uniform distribution of aluminum and oxygen. And the potassium element
distribution represented the electrolyte penetration path, which showed the penetration
behavior is not uniform due to the black area in oxide layer in Figure 5-2C.

Figure 5-1 (a) The cross section of common SEM image of PVA-Al air batteries after
discharge, (b) high magnification images of the rectangle area in (a).

Figure 5-2 (a) aluminum, (b) oxygen, and (c) potassium elemental mapping of PVA-Al air
batteries after discharge from common cross section SEM images.
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We used sharp cutter to cut the Al sheet to do the cross-section SEM images, which
would damage the surface morphology of the sample and result in the drop of the oxide
product, rough surface and micro-crack. Therefore, we changed to use FIB to characterize
the microstructure of the cross section. Figure 5-3 showed morphology change of the
sequential SEM imaging of consecutive sections cut. It is worth mentioning that the
irregular holes and cracks randomly distributed in the oxide layer from the red and blue
rectangle area and the inhomogeneous oxide depth from the red line.

Figure 5-3 (a, b, c) The morphology evolution of FEB-SEM images of PVA hydrogel in
Al air batteries after discharge.
In addition, the Cryo-EDX mapping (Figure 5-4) revealed the porous oxide regions
contained the aluminum, potassium and oxygen, suggesting these regions contained Al2O3
and Al(OH)3. The uneven potassium distribution resulted in the inhomogeneous oxide
depth.
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Figure 5-4 (a) The cross-section image of aluminum sheet after discharge, and the
corresponding (b) aluminum, (c) potassium, (d) oxygen element mapping in FIB-SEM.
Water absorption from the environment is an important process to increase the
water retention of the hydrogels. We have shown that SiO2 powders can be used to reduce
the water loss from hydrogel during discharge,119 but the effect is not significant. We
synthesized the PVA/agarose hydrogel that can harvest water at low relative humility and
enhance the performance of aluminum-air batteries. The water retention is enhanced by the
agarose, and the PVA/agarose have a superb water retention with a water retention of 85%
under humidity of 30% for 130 hours, which is much better than PVA hydrogel. The
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abundant hydrophilic groups in agarose, which reduce the crystallinity of PVA and increase
the high ionic conductivity.

Figure 5-5 (a) The real time water retention of PVA and PVA/agarose hydrogels at the
humidity of 30%, (b) the discharge performance at 10 mA/cm2 under humidity of 30%.
The specific area capacity of primary Zn-air battery based on PVA/agarose reaches
up to 238 mAh/cm2, outperforming the of batteries based on PVA (168 mAh/cm2) under
humidity of 30%.
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CHAPTER 6: Computer-free autonomous navigation and power generation using
electro-chemotaxis
6.1 Introduction
Living organisms move in response to their environment to find food, avoid
predators or hazards, and reproduce.120 The fields of robotics,121-122 animation, artificial
intelligence,123 and artificial life124 have long sought to mimic biology’s ability to
autonomously navigate, most commonly through decision making algorithms that run on
a computer.125-126 In contrast, active colloids, micro swimmers, and microrobots (mobile
microdevices) can autonomously navigate toward or away from environmental attractants
or hazards without computers by connecting a sensory response to a mechanism that drives
movement,127-128 similar to the way cellular organisms autonomously navigate towards
nutrient rich environments or fertilizable eggs using chemotaxis.129-130 Although purely
synthetic, mobile microdevices appear to make decisions and act life-like because they
mimic the basis for many biological behaviors, as described in a canonical thought
experiment by Valentino Braitenberg about a series of vehicles that progressively behave
more life-like as they exhibit more complex connections between sensors and motors.131
Although computer-free autonomous navigation is attractive for many applications, it has
only been demonstrated in µm-scale devices operating in fluids.126-127 Fluids are
advantageous for microdevices because the energy available in the environment dominates
the energy needed to propel the mobile microdevice.132-133 These microdevices, however,
cannot operate in dry environments due to the chemical requirements of their actuation
mechanisms and due to strong Van der Waals forces, which make sliding difficult for µm63

scale devices. Although not currently possible, it would be attractive to have autonomous
navigation in larger systems and in dry environments,134-137 where mm to cm scale vehicles
and robots could power themselves and make decisions based on chemical information in
their environment without onboard power, computation, or traditional control systems. A
major challenge in realizing this capability is the difficulty in extracting enough power
from environmental signals to be able to move mm- to cm-scale devices. Sensors can detect
environmental signals, but they do not provide enough power for a motor.138-140 Harvesters
can extract power from their environment, but with the notable exception of solar panels,
which can provide up to ~30 mW cm-2 of power, most energy harvesters cannot provide
enough power to operate a motor (typically <1 mW cm-2 with many harvesters providing
only µW cm-2).28, 141-142 In addition, most harvesters extract energy from only a single
energy source (heat, light, or vibrations, for example) and none can extract energy from the
wide variety of chemicals that provide critical information about an environment. Due to
these power limitations, microbatteries are the dominant energy-storage technology for
microscale systems. A cm-scale robot, however, can only operate for ~1 minute with the
best current microbatteries because of the limited energy density of these technologies.16
Dramatically different power sources that can extract large amounts of energy from their
environment at high power are need in order to realize mm to cm scale vehicles and robots
that operate longer and realize autonomous navigation without draining on-board power
systems.
This chapter shows how a new micro-power source can power a vehicle on solid
surfaces using external chemicals and make computer-free decisions about how to navigate
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its environment by responding to chemical features through electro-chemotaxis. The
reactive vehicle is similar to a Braitenberg vehicle in design and can follow winding
chemical fuel paths by moving towards surfaces that have larger free energy, faster
electrochemical kinetics, and higher ionic conductivity while also moving away from
surfaces that are deficient in these properties. The enabling technology is an active circuit
element that extracts high density electrical power from the chemical bonds in an external
surface through the Gibbs free energy difference of the oxidizing surface and oxygen
reduced from air. We call this circuit element an Environmentally Controlled Voltage
Source (ECVS) because it operates like a battery, but its power density is sensitive to
chemicals in its environment. The ECVS directly powers DC motors with no intermediate
circuit elements. Two ECVS elements interfacing with different surfaces are also arranged
to perform AND, OR, and NOT logic depending on the ability to extract energy from those
surfaces. This work presents a method to simultaneously steer and power vehicles and
robots without computers by directly responding to a wide variety of chemical fields in
their environment using electrochemistry.
6.2. Experimental Section
6.2.1 Preparation of polyacrylamide (PAM) hydrogel:
Figure 6-1 shows the preparation process of the PAM hydrogel. We mixed 2.2
grams of acrylamide monomer into 7.8 grams of DI water and stirred the solution for 30
minutes. We then added 0.132 mL of 20 mg mL-1 N, N’-methylenebis(acrylamide) and
0.158 mL of 5 mg mL-1 potassium persulfate into the above solution and stirred for 15 mins.
Next, we added 0.09 mL of 50 mg mL-1 tetramethylethylenediamine and stirred for 1 min.
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Then we poured the solution into a mold, degassed the solution using argon gas, and stored
the degassed solution in argon atmosphere for 6 hours to obtain cross-linked PAM hydrogel.
Finally, we saturated the PAM hydrogel by soaking it in 1 M KOH solution for 24 h. The
saturated PAM hydrogel in all demos was 1 x 1 x 0.8 cm3 and 0.95 g.

Figure 6-1 Schematic preparation process of PAM hydrogel.
6.2.2 Reactive agent vehicle and Environmentally Controlled Voltage Source (ECVS)
assembly
We used a commercial Pt/Carbon gas diffusion cloth electrode (0.2 mg cm-2 20%
platinum from FuelCellsEtc) as the cathode. The Pt/Carbon cloth was 1.2 x 1.2 cm2 and
0.12 g. We assembled the reactive agent vehicle by attaching the cathode to the PAM
hydrogel surface in contact with the mold during electrolyte curing, which remained sticky
after removing it from the mold. Figure 6-2 showed two ECVSs were electrically and
mechanically connected to the electric vehicle motors using nickel wire. We connected
the front left ECVS to the right motor and the front right ECVS to the left motor. The
electric vehicle was 3-D printed on an Objet30 PhotoPolymer Printer and the electric motor
was purchased from Firgelli Automations. The total mass of the electric vehicle and the
two motors were 10.2 g. For most demos, two 20 g weights were added to prevent the tires
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from slipping. One weight was on the bottom of the vehicle and the other was on top of the
vehicle body.

Figure 6-2 Photograph of the top and bottom of the assemble reactive agent vehicle with
corresponding environmentally controlled voltage sources.
6.2.3 Electrochemical measurements
An SP-300 Bio-Logic electrochemistry workstation measured the polarization
curves and real-time voltage of motors on 6061 aluminum and copper surfaces at room
temperature.
6.2.4 Locomotion experiments
All vehicle demonstrations were performed in configurations described in Results.
A 25.4 um thick polyimide tape was the inert layer. We measured the real-time working
potential of the motors as a function of time using a Bio-Logic VMP3 potentiostat.
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6.3 Results and Discussion
Figure 6-3A shows how a living organism like an ant instinctively moves to avoid
hazards and find food (i.e. sugar) to gain energy. To mimic this kind of instinct, we
developed a reactive agent vehicle that can follow a fuel source while also avoiding
surfaces or hazards that reduce its ability to consume the fuel (Figure 6-3B). Figure 6-3C
shows the reactive agent vehicle on a metal surface with a path taped off using polyimide.
The vehicle has two ECVSs that directly power two electric motors. The ECVS provides
power by oxidizing chemicals it contacts in its environment. On metal, the ECVS can
provide continuous power as metal is a high energy density fuel (84 and 40 MJ L-1 for
aluminum and iron) that can be easily oxidized and provides more energy than gasoline
(34 MJ L-1), glucose (24 MJ L-1), or lithium ion batteries (~3 MJ L-1). When the ECVSs
contacts a surface that cannot be oxidized or has poor ionic conductivity (deemed as
hazards), the vehicle will automatically turn to avoid this “hazard” and find new fuel to
gain electric power without any computer assistance. Figure 6-3C shows a time sequential
image of the ECVS powered vehicle intelligently and autonomously tracking a fuel path
and avoiding the yellow inert area where it cannot extract energy.
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Figure 6-3 Autonomous navigation. (A) An illustration of an ant that avoids hazards and
follows food to gain energy. The photo is modified from "Jerdon's jumping ant with prey"
by vipin baliga, licensed under CC BY-NC-SA 2.0. (B) A schematic of a synthetic analog
consisting of a vehicle that navigates along a metal fuel source while avoiding hazards. (C)
Sequential images of a reactive agent vehicle following a metal fuel path without
computers.
Figure 6-4A shows the configuration and working mechanism of the ECVS. When
the ECVS is placed on a metal surface, it provides power by converting the chemical energy
difference of metal bonds and oxygen gas in air to electrical energy through metal oxidation
and oxygen reduction reactions. When a metal anode, M, is oxidized in the presence of a
basic hydrogel electrolyte, it provides electrons according to M + nOH- à M(OH)n + ne-.
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The electrons are then conducted through the metal and electric motor to the cathode where
they reduce oxygen in the air in the presence of a platinum catalyst according to 1/2 O2 +
H2O + 2e- à 2OH-. The hydroxide ions are transported to the anode through migration and
diffusion in the hydrogel to complete the circuit. They hydrogel electrolyte is essential for
allowing a high ion conducting pathway between the anode and cathode, supplying water,
and maintaining its solid shape as it traverses a surface.119
To realize autonomous decision making, we connected the ECVS on the left front
of the vehicle to front right wheel motor and the ECVS on the right front of the vehicle to
the front left wheel motor (Figure 6-4B). In this configuration, the vehicle turned towards
the ECVS that provided the highest power and away from the ECVS that provided the
lowest power. We designed three different road environments to test the capability of the
vehicle to select the path with high power output and avoid no-power and low-power areas.
Figure 6-4D shows an aluminum surface with polyimide tape covering an area in the
driving direction of the vehicle. The polyimide tape is unreactive and provided no power
to an ECVS. On the aluminum, the left and the right wheels were provided with the same
power and the vehicle drove straight. When the right ECVS contacted the polyimide tape,
the discharge reactions were blocked, and the left motor slowed down until it finally
stopped when the ECVS was entirely on the tape. At the same time, the right motor kept
rotating as the left ECVS maintained contact with the Al substrate and, therefore, the
vehicle made a left turn to avoid the polyimide taped area. After the right ECVS passed the
taped area, the left motor regained power, and the vehicle moved straight on the Al. Figure
6-4C displays a circuit diagram schematic, showing the operation of the two ECVS and
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the electrical connections to the two motors. Figure 6-4E shows the experiment with a
copper foil replacing the polyimide tape. The Cu surface can provide power to the ECVS,
but the Cu-O2 Gibbs free energy difference is less than Al-O2 so that the vehicle turns away
from Cu and towards the higher voltage energy source, following ΔG°cell = −nFE°cell. The
vehicle will also move away from materials that reduce the electrochemical kinetics. The
hydrogel uses water as the electrolyte, which has high ionic conductivity. When water is
placed on the metal surface, the vehicle will continue to move straight through it as closely
mimics the natural interface that occurs when the hydrogel wets the metal surface.
However, Figure 6-4F shows that the vehicle will avoid areas coated with glycerol, which
is a viscous fluid with poor ionic conductivity compared to water. The vehicle also
undergoes a smaller turning radius when interacting with glycerol compared with
polyimide and Cu because the glycerol is liquid and follows the hydrogel interface until
sufficient amounts are removed and the vehicle resumes driving straight. The glycerol
maintains contact with the hydrogel interface because it is hydrophilic and has high
viscosity (1.455 mPa∙s).143-144 The more glycerol attached to the hydrogel surface results
in a lower output power and longer time that the vehicle turns, which ultimately reduces
the turning radius. This relationship between contact time and turning radius away from a
hazard is likely universal.
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Figure 6-4 Hazard avoidance. (A, B) A schematic diagram of Environmentally
Controlled Voltage Source’s (ECVS) working mechanism and vehicle configuration. The
left and right ECVS are directly connected to opposite motors. (C) A circuit diagram of the
electrical connections of the ECVS and the motors. (D) A demonstration of the vehicle
turning left towards the Al surface to avoid the polyimide tape, which cannot power the
ECVS. (E) A demonstration of the vehicle turning left to avoid a Cu sheet, which provides
less power than the Al. (F) A demonstration of the vehicle automatically turning right
towards the Al surface to avoid the glycerol (dyed green for easy visualization) due to the
poor ionic conductivity of the glycerol compared to water.
We measured the electrochemical performance of the ECVS on Al, Cu, and Al
partially coated with polyimide to compare the relative power output of these cases. Figure
6-5A schematically illustrates the contact area change of the Al-hydrogel interface as it
moves over the polyimide tape. On Al, the ECVS provided an average working potential
around 1.2 V, but the voltage changed based on the output current density. Figure 6-5B
shows this I-V relationship in polarization curves with increasing fractions of the Al72

hydrogel interface blocked by polyimide. The corresponding power density curves are
shown in Figure 6-5C. The operating voltage and power density both decreased for a given
current density as the contact area was reduced. We also studied the power and current
density of the ECVS on a copper foil substrate, which provided significantly lower power
output due to the slow kinetics of the copper oxidation reactions and the low voltage of the
Cu-O2 reaction (Figure 6-5D). These results are consistent with the vehicle behavior in
Figure 6-4. Figure 6-5E shows the measured real-time output voltages of the left and right
motors as functions of time corresponding to a vehicle turning away from a polyimide
surface (Figure 6-4D). This plot shows that the polyimide tape significantly reduces the
output voltage to the motor, which causes the vehicle to turn.
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Figure 6-5 Environmentally Controlled Voltage Source performance. (A) A schematic
of the hydrogel-Al contact area change as the ECVS moves from a polyimide sheet to the
Al. The polarization curve (B) and the corresponding power density (C) of a stationary
PAM-based ECVS at the different contact areas in A. (D) A polarization curve and
corresponding power density of a stationary PAM-based ECVS on Cu. (E) The voltage
measured across the right and left motors as the left motor passes over a polyimide sheet,
as shown in Figure 6-4C.
The ECVS can also be arranged into logic gates that perform AND, OR, and NOT
operators when in contact with different electrically isolated surfaces. Figure 6-6A
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illustrates the logic gate input. We define the hydrogel in contact with and without an Al
sheet as 1 and 0, for a total of four inputs, (0 0), (0,1), (1,0) and (1 1), between the left and
right ECVS. Figure 6-6 B, C, and D show the AND, OR, and NOT gate configurations,
with the corresponding output current measurements when these circuits were connected
to a stationary motor. The ECVSs in the AND and OR gates were configured like switches
in series or parallel, except here the switches also provide power. The NOT gate was
formed by connecting opposite terminals on the ECVS, which brough the net current to
near zero when both hydrogels were connected to Al. This NOT function works best when
the two metals have similar operating voltages, such as with zinc and aluminum, but it is
possible to realize the same effect on disparate metals with additional voltage boosting or
reducing electronics. Figure 6-6E and F show the different behaviors of a vehicle wired
with the OR gate versus the ECVS wired to opposite motors (as seen in Figure 6-4). The
OR gate vehicle can continue straight when encountering a hazard on just one ECVS, while
the original configuration turns away from the hazard. These gate functions can be
combined to create additional logic functions and shows a path forward for realizing more
complex responses to multiple environmental chemicals.
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Figure 6-6 ECVS logic gates. (A) A schematic of the logic gate inputs, where an ECVS
on aluminum is 1 and an ECVS not in contact with aluminum is 0. (B-D) The ECVS can
be connected in series, parallel, and with opposite electrodes to realize AND, OR, and NOT
logic. The corresponding output currents of motors when the ECVSs were placed on
corresponding surface profiles (either 1 or 0) and logic tables are shown below. (E) A
vehicle with ECVS wired as an OR gate moving straight when the left ECVS contacts
polyimide tape. (F) The same vehicle turning right towards the Al surface to avoid the
polyimide tape when the ECVS are wired to opposite motors, as shown in Figure 6-2.
6.4 Conclusion
This paper shows how a new type of high-power density voltage source whose
output power depends on the chemical energy in its environment, the Environmentally
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Controlled Voltage Source, can be easily integrated into a reactive agent vehicle and used
to realize computer-free hazard avoidance and fuel tracking, a feat only previously
demonstrated with devices 100-1,000 times smaller and in liquid environments. This
approach can be used in analog, digital, or hybrid configurations and can be easily
integrated into smart materials or robots to realize new methods to control their response
to environmental stimuli or extend their operating time. As the ECVS can provide 13x
more energy than a similar weighted lithium-ion battery, the demonstrated autonomous
navigation can dramatically increase the operating range and time of vehicles and robots
by eliminating the need to deplete any on-board power when the device operates near metal
sources. This combined power approach would benefit mm to cm scale robots deployed to
find people or animals in collapsed buildings, where they could alternate between onboard
power and the ECVS to extract energy from surrounding metal infrastructure and extend
their search time and depth.145
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Chapter 7: Conclusion and Outlook
7.1 Metal Air Scavenger
We demonstrate a new approach for powering robots and electronics by
electrochemically scavenging energy from metal surfaces. This approach overcomes
energy storage scaling laws by allowing robots and electronics to extract energy from large
volumes of energy dense material without having to carry the material on-board. We show
that a range of hydrogel electrolyte compositions can be combined with air cathodes to
extract 159, 87, and 179 mAh/cm2 capacities from aluminum, zinc, and steel surfaces at
up to 130, 81, and 25 mW/cm2 power densities, which exceed the power density of the
best energy harvesters by 10×. When moving across a metal surface, metal scavenging
exceeds the energy densities of lithium-ion and metal−air batteries by 13× and 2×. Metal
scavenging is especially beneficial for small robots and electronics, whose size and
performance are severely limited by the low energies provided by microenergy storage
technologies.
7.2 Nano-porous Gold as Cathode for Air Batteries
We synthesize nanoporous gold catalysts with increased (100) surface facets using
electrochemical dealloying in sodium citrate surfactant electrolytes. These modified
nanoporous gold catalysts achieved a 7.7% higher operating voltage and 30.2% greater
power density in aluminum-air batteries over traditionally prepared nanoporous gold, and
their performance was superior to commercial platinum nanoparticle electrodes at a 10
times lower mass loading. The authors used rotation disc electrode studies, backscattering
electron, and underpotential deposition to show that the increased (100) facets improved
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the catalytic activity of the citrate dealloyed nanoporous gold compared to conventional
nanoporous gold. The citrate dealloyed samples also had the highest stability and least
concentration of steps and kinks. The developed synthesis and characterization techniques
will enable the design and synthesis of metal nanostructured catalysts with controlled facets
for low-cost and mass-produced metal−air battery cathodes.
7.3 Computer-Free Autonomous Navigation and Power Generation Using ElectroChemotaxis
This work overcomes this limitation with an environmentally controlled voltage
source (ECVS) that, when directly attached to electric motors on a vehicle, can increase
the energy available to the vehicle and provide computer-free autonomous navigation
toward chemical fuels in the environment and away from hazards. The ECVS uses
electrochemistry to extract power from the chemical fuels, and the vehicle avoids hazards
that reduce the output voltage or electrochemical kinetics. Two ECVSs can also be
arranged in series or parallel to perform logical functions based on the chemicals in contact
with the ECVSs. This work presents a new method to simultaneously steer and power
vehicles and robots without computers by directly responding to a wide variety of chemical
fields in their environment using electrochemistry.
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7.4 Outlook
Due to a series of outstanding characteristics of metal air battery, centimeter scale
and smaller robots, vehicles, and electronics will especially benefit from the orders of
magnitude more energy available using a metal-air scavenger compared to traditional
micro energy storage technologies that scale poorly. Metal was the fuel source in the
projects, but future work can expand this to multiple electrochemical fuels, such as glucose
or ethanol, so that a vehicle can respond to many chemical inputs and exhibit life-like
behaviors.
Metal-air batteries, while promising, are still some ways from being massproduced. At present, most metal air batteries have electrode corrosion and self-discharge
phenomenon. The solutions are mainly from the following aspects:
(1) Selection of reasonable electrode materials and manufacturing technology (such
as active electrode alloying, ion embedding material selection, etc.)
(2) Reasonable allocation of hydrogel electrolyte (the corrosion of metal electrode
is related to the system environment, choose the appropriate electrolyte solution can
improve the activity of electrode, prevent electrode passivation and corrosion)
(3) Improving the activity of oxygen air electrode and developing efficient catalyst.

80

BIBLIOGRAPHY
(1) Li, C.; Islam, M. M.; Moore, J.; Sleppy, J.; Morrison, C.; Konstantinov, K.; Dou, S. X.;
Renduchintala, C.; Thomas, J. Wearable energy-smart ribbons for synchronous energy
harvest

and

storage.

Nature

Communications

2016,

7

(1),

13319,

DOI:

10.1038/ncomms13319.
(2) Pikul, J. H.; Gang Zhang, H.; Cho, J.; Braun, P. V.; King, W. P. High-power lithium
ion microbatteries from interdigitated three-dimensional bicontinuous nanoporous
electrodes. Nature Communications 2013, 4 (1), 1732, DOI: 10.1038/ncomms2747.
(3) Thackeray, M. M.; Wolverton, C.; Isaacs, E. D. Electrical energy storage for
transportation—approaching the limits of, and going beyond, lithium-ion batteries. Energy
& Environmental Science 2012, 5 (7), DOI: 10.1039/c2ee21892e.
(4) Hardwick, L. J.; de León, C. P. Rechargeable Multi-Valent Metal-Air Batteries.
Johnson

Matthey

Technology

Review

2018,

62

(2),

134-149,

DOI:

10.1595/205651318x696729.
(5) Yang, G.-Z.; Bellingham, J.; Dupont, P. E.; Fischer, P.; Floridi, L.; Full, R.; Jacobstein,
N.; Kumar, V.; McNutt, M.; Merrifield, R.; Nelson, B. J.; Scassellati, B.; Taddeo, M.;
Taylor, R.; Veloso, M.; Wang, Z. L.; Wood, R. The grand challenges of Science Robotics.
Science Robotics 2018, 3, eaar7650.
(6) Mohd Kazim, M. N. F.; Mohd Shah, H. N.; bin Muhammad Nasir, M. D. Theoretical
Analysis on Energy Consumption for Industrial Robots. Applied Mechanics and Materials
2015, 699, 846-852, DOI: 10.4028/www.scientific.net/AMM.699.846.

81

(7) Fukushima, E. F.; Kitamura, N.; Hirose, S. Development of tethered autonomous
mobile robot systems for field works. Advanced Robotics 2001, 15 (4), 481-496, DOI:
10.1163/156855301750398374.
(8) Chen, T.; Bilal, O. R.; Shea, K.; Daraio, C. Harnessing bistability for directional
propulsion

of

soft,

untethered

robots.

2018,

115

(22),

5698-5702,

DOI:

10.1073/pnas.1800386115 %J Proceedings of the National Academy of Sciences.
(9) Laschi, C.; Mazzolai, B.; Cianchetti, M. Soft robotics: Technologies and systems
pushing the boundaries of robot abilities. Science Robotics 2016, 1 (1), eaah3690, DOI:
10.1126/scirobotics.aah3690.
(10) St. Pierre, R.; Bergbreiter, S. Toward Autonomy in Sub-Gram Terrestrial Robots.
Annual Review of Control, Robotics, and Autonomous Systems 2019, 2 (1), DOI:
10.1146/annurev-control-053018-023814.
(11) Oudenhoven, J. F. M.; Baggetto, L.; Notten, P. H. L. All-Solid-State Lithium-Ion
Microbatteries: A Review of Various Three-Dimensional Concepts. Advanced Energy
Materials 2011, 1 (1), 10-33, DOI: 10.1002/aenm.201000002.
(12) Pikul, J. H.; Ning, H. Powering the Internet of Things. Joule 2018, 2 (6), 1036-1038,
DOI: 10.1016/j.joule.2018.06.005.
(13) Rus, D.; Tolley, M. T. Design, fabrication and control of soft robots. Nature 2015,
521 (7553), 467-475, DOI: 10.1038/nature14543.
(14) Churaman, W. A.; Currano, L. J.; Morris, C. J.; Rajkowski, J. E.; Bergbreiter, S. The
First Launch of an Autonomous Thrust-Driven Microrobot Using Nanoporous Energetic

82

Silicon. Journal of Microelectromechanical Systems 2012, 21 (1), 198-205, DOI:
10.1109/JMEMS.2011.2174414.
(15) Raj, A.; Steingart, D. Review—Power Sources for the Internet of Things. Journal of
The Electrochemical Society 2018, 165 (8), B3130-B3136, DOI: 10.1149/2.0181808jes.
(16) Goldberg, B.; Zufferey, R.; Doshi, N.; Helbling, E. F.; Whittredge, G.; Kovac, M.;
Wood, R. J. Power and Control Autonomy for High-Speed Locomotion With an InsectScale Legged Robot. IEEE Robotics and Automation Letters 2018, 3 (2), 987-993, DOI:
10.1109/LRA.2018.2793355.
(17) Sumboja, A.; Ge, X.; Zong, Y.; Liu, Z. Progress in development of flexible metal–air
batteries.

Functional

Materials

Letters

2016,

09

(02),

1630001,

DOI:

10.1142/S1793604716300012.
(18) Ma, L.; Chen, S.; Wang, D.; Yang, Q.; Mo, F.; Liang, G.; Li, N.; Zhang, H.; Zapien,
J. A.; Zhi, C. Super-Stretchable Zinc–Air Batteries Based on an Alkaline-Tolerant DualNetwork Hydrogel Electrolyte. Advanced Energy Materials 2019, 9 (12), 1803046, DOI:
10.1002/aenm.201803046.
(19) Rahman, M. A.; Wang, X.; Wen, C. High Energy Density Metal-Air Batteries: A
Review. Journal of The Electrochemical Society 2013, 160 (10), A1759-A1771, DOI:
10.1149/2.062310jes.
(20) Li, Y.; Lu, J. Metal–Air Batteries: Will They Be the Future Electrochemical Energy
Storage Device of Choice? ACS Energy Letters 2017, 2 (6), 1370-1377, DOI:
10.1021/acsenergylett.7b00119.

83

(21) Hopkins, B. J.; Shao-Horn, Y.; Hart, D. P. Suppressing corrosion in primary
aluminum–air batteries via oil displacement. Science 2018, 362, 658-661.
(22) Li, Y.; Gong, M.; Liang, Y.; Feng, J.; Kim, J.-E.; Wang, H.; Hong, G.; Zhang, B.; Dai,
H. Advanced zinc-air batteries based on high-performance hybrid electrocatalysts. Nature
Communications 2013, 4 (1), 1805, DOI: 10.1038/ncomms2812.
(23) Liu, Y.; Sun, Q.; Li, W.; Adair, K. R.; Li, J.; Sun, X. A comprehensive review on
recent progress in aluminum–air batteries. Green Energy & Environment 2017, 2 (3), 246277, DOI: 10.1016/j.gee.2017.06.006.
(24) Zhang, X.; Wang, X.-G.; Xie, Z.; Zhou, Z. Recent progress in rechargeable alkali
metal–air batteries. Green Energy & Environment 2016, 1 (1), 4-17, DOI:
https://doi.org/10.1016/j.gee.2016.04.004.
(25) Zhao, Z.; Fan, X.; Ding, J.; Hu, W.; Zhong, C.; Lu, J. Challenges in Zinc Electrodes
for Alkaline Zinc–Air Batteries: Obstacles to Commercialization. ACS Energy Letters
2019, 4 (9), 2259-2270, DOI: 10.1021/acsenergylett.9b01541.
(26) Narita, F.; Fox, M. A Review on Piezoelectric, Magnetostrictive, and Magnetoelectric
Materials and Device Technologies for Energy Harvesting Applications. Advanced
Engineering Materials 2018, 20 (5), 1700743, DOI: 10.1002/adem.201700743.
(27) Selvan, K. V.; Mohamed Ali, M. S. Micro-scale energy harvesting devices: Review
of methodological performances in the last decade. Renewable and Sustainable Energy
Reviews 2016, 54, 1035-1047, DOI: https://doi.org/10.1016/j.rser.2015.10.046.

84

(28) Bai, Y.; Jantunen, H.; Juuti, J. Energy Harvesting Research: The Road from Single
Source to Multisource. Advanced Materials 2018, 30 (34), 1707271, DOI:
https://doi.org/10.1002/adma.201707271.
(29) Zhou, M.; Al-Furjan, M. S. H.; Zou, J.; Liu, W. A review on heat and mechanical
energy harvesting from human – Principles, prototypes and perspectives. Renewable and
Sustainable

Energy

Reviews

2018,

82,

3582-3609,

DOI:

https://doi.org/10.1016/j.rser.2017.10.102.
(30) Muralidharan, N.; Li, M.; Carter, R. E.; Galioto, N.; Pint, C. L. Ultralow Frequency
Electrochemical–Mechanical Strain Energy Harvester Using 2D Black Phosphorus
Nanosheets.

ACS

Energy

Letters

2017,

2

(8),

1797-1803,

DOI:

10.1021/acsenergylett.7b00478.
(31) Im, H.; Kim, T.; Song, H.; Choi, J.; Park, J. S.; Ovalle-Robles, R.; Yang, H. D.; Kihm,
K. D.; Baughman, R. H.; Lee, H. H.; Kang, T. J.; Kim, Y. H. High-efficiency
electrochemical thermal energy harvester using carbon nanotube aerogel sheet electrodes.
Nature Communications 2016, 7 (1), 10600, DOI: 10.1038/ncomms10600.
(32) Hu, R.; Cola, B. A.; Haram, N.; Barisci, J. N.; Lee, S.; Stoughton, S.; Wallace, G.;
Too, C.; Thomas, M.; Gestos, A.; Cruz, M. E. d.; Ferraris, J. P.; Zakhidov, A. A.;
Baughman, R. H. Harvesting Waste Thermal Energy Using a Carbon-Nanotube-Based
Thermo-Electrochemical

Cell.

Nano

Letters

10.1021/nl903267n.

85

2010,

10

(3),

838-846,

DOI:

(33) Jacques, E.; Lindbergh, G.; Zenkert, D.; Leijonmarck, S.; Kjell, M. H. PiezoElectrochemical Energy Harvesting with Lithium-Intercalating Carbon Fibers. ACS
Applied Materials & Interfaces 2015, 7 (25), 13898-13904, DOI: 10.1021/acsami.5b02585.
(34) Kim, S.; Choi, S. J.; Zhao, K.; Yang, H.; Gobbi, G.; Zhang, S.; Li, J. Electrochemically
driven mechanical energy harvesting. Nature Communications 2016, 7 (1), 10146, DOI:
10.1038/ncomms10146.
(35) Muralidharan, N.; Afolabi, J.; Share, K.; Li, M.; Pint, C. L. A Fully Transient
Mechanical Energy Harvester. Advanced Materials Technologies 2018, 3 (8), 1800083,
DOI: 10.1002/admt.201800083.
(36) Xue, X.; Wang, S.; Guo, W.; Zhang, Y.; Wang, Z. L. Hybridizing Energy Conversion
and Storage in a Mechanical-to-Electrochemical Process for Self-Charging Power Cell.
Nano Letters 2012, 12 (9), 5048-5054, DOI: 10.1021/nl302879t.
(37)

Lithium

ion

NCR18650B

specifications

(Panasonic,

2012).

http://go.nature.com/2b1p3SS.
(38) Hyung, Y.-E.; Moon, S.-I.; Yum, D.-H.; Yun, S.-K. Fabrication and evaluation of 100
Ah cylindrical lithium ion battery for electric vehicle applications. Journal of Power
Sources 1999, 81-82, 842-846, DOI: https://doi.org/10.1016/S0378-7753(99)00118-4.
(39) Ma, L.; Chen, S.; Pei, Z.; Huang, Y.; Liang, G.; Mo, F.; Yang, Q.; Su, J.; Gao, Y.;
Zapien, J. A.; Zhi, C. Single-Site Active Iron-Based Bifunctional Oxygen Catalyst for a
Compressible and Rechargeable Zinc-Air Battery. ACS Nano 2018, 12 (2), 1949-1958,
DOI: 10.1021/acsnano.7b09064.

86

(40) Milroy, C. A.; Manthiram, A. Bioelectronic Energy Storage: A Pseudocapacitive
Hydrogel Composed of Endogenous Biomolecules. ACS Energy Letters 2016, 1 (4), 672677, DOI: 10.1021/acsenergylett.6b00334.
(41) Konarov, A.; Voronina, N.; Jo, J. H.; Bakenov, Z.; Sun, Y.-K.; Myung, S.-T. Present
and Future Perspective on Electrode Materials for Rechargeable Zinc-Ion Batteries. ACS
Energy Letters 2018, 3 (10), 2620-2640, DOI: 10.1021/acsenergylett.8b01552.
(42) Song, W.-J.; Lee, S.; Song, G.; Park, S. Stretchable Aqueous Batteries: Progress and
Prospects. ACS Energy Letters 2019, 4 (1), 177-186, DOI: 10.1021/acsenergylett.8b02053.
(43) Chen, Z.; To, J. W. F.; Wang, C.; Lu, Z.; Liu, N.; Chortos, A.; Pan, L.; Wei, F.; Cui,
Y.; Bao, Z. A Three-Dimensionally Interconnected Carbon Nanotube–Conducting
Polymer Hydrogel Network for High-Performance Flexible Battery Electrodes. Advanced
Energy Materials 2014, 4 (12), 1400207, DOI: 10.1002/aenm.201400207.
(44) Xu, Y.; Zhang, Y.; Guo, Z.; Ren, J.; Wang, Y.; Peng, H. Flexible, Stretchable, and
Rechargeable Fiber-Shaped Zinc–Air Battery Based on Cross-Stacked Carbon Nanotube
Sheets. Angewandte Chemie International Edition 2015, 54 (51), 15390-15394, DOI:
10.1002/anie.201508848.
(45) Li, J.; Suo, Z.; Vlassak, J. J. Stiff, strong, and tough hydrogels with good chemical
stability. Journal of Materials Chemistry B 2014, 2 (39), 6708-6713, DOI:
10.1039/C4TB01194E.
(46) Fan, X.; Liu, J.; Song, Z.; Han, X.; Deng, Y.; Zhong, C.; Hu, W. Porous
nanocomposite gel polymer electrolyte with high ionic conductivity and superior

87

electrolyte retention capability for long-cycle-life flexible zinc–air batteries. Nano Energy
2019, 56, 454-462, DOI: https://doi.org/10.1016/j.nanoen.2018.11.057.
(47)

A312

Zinc-air

button

cell.

https://www.celltech.dk/fileadmin/user_upload/Celltech/Products/PDF_FILES/1_4V_Zin
k/5013233-datasheet.pdf.
(48)

PP425

Zinc

Air

Prismatic.

https://www.manualshelf.com/manual/energizer/pp425/battery-datasheet.html.
(49) Xu, Y.; Zhao, Y.; Ren, J.; Zhang, Y.; Peng, H. An All-Solid-State Fiber-Shaped
Aluminum–Air Battery with Flexibility, Stretchability, and High Electrochemical
Performance. Angewandte Chemie International Edition 2016, 55 (28), 7979-7982, DOI:
10.1002/anie.201601804.
(50) Li, Y.; Dai, H. Recent advances in zinc–air batteries. Chemical Society Reviews 2014,
43 (15), 5257-5275, DOI: 10.1039/C4CS00015C.
(51) Mori, R. Electrochemical properties of a rechargeable aluminum–air battery with a
metal–organic framework as air cathode material. RSC Advances 2017, 7 (11), 6389-6395,
DOI: 10.1039/C6RA25164A.
(52) Zhang, Z.; Zuo, C.; Liu, Z.; Yu, Y.; Zuo, Y.; Song, Y. All-solid-state Al–air batteries
with polymer alkaline gel electrolyte. Journal of Power Sources 2014, 251, 470-475, DOI:
https://doi.org/10.1016/j.jpowsour.2013.11.020.
(53) Ma, H.; Wang, B.; Fan, Y.; Hong, W. Development and Characterization of an
Electrically Rechargeable Zinc-Air Battery Stack. Energies 2014, 7 (10), 6549-6557, DOI:
10.3390/en7106549.
88

(54) Park, J.; Park, M.; Nam, G.; Lee, J. S.; Cho, J. All-solid-state cable-type flexible zincair battery. Adv Mater 2015, 27 (8), 1396-401, DOI: 10.1002/adma.201404639.
(55) Bills, A.; Sripad, S.; Fredericks, W. L.; Singh, M.; Viswanathan, V. Performance
Metrics Required of Next-Generation Batteries to Electrify Commercial Aircraft. ACS
Energy Letters 2020, 5 (2), 663-668, DOI: 10.1021/acsenergylett.9b02574.
(56)

Foundations

for

the

future.

Nature

Energy

2016,

1,

16147,

DOI:

10.1038/nenergy.2016.147.
(57) Li, Q.; Bjerrum, N. J. Aluminum as anode for energy storage and conversion: a review.
Journal of Power Sources 2002, 110 (1), 1-10, DOI: https://doi.org/10.1016/S03787753(01)01014-X.
(58) Sun, Y.; Liu, X.; Jiang, Y.; Li, J.; Ding, J.; Hu, W.; Zhong, C. Recent advances and
challenges in divalent and multivalent metal electrodes for metal–air batteries. Journal of
Materials Chemistry A 2019, 7 (31), 18183-18208, DOI: 10.1039/c9ta05094a.
(59) Goel, P.; Dobhal, D.; Sharma, R. C. Aluminum–air batteries: A viability review.
Journal of Energy Storage 2020, 28, DOI: 10.1016/j.est.2020.101287.
(60) Wang, Y.; Hao, J.; Yu, J.; Yu, H.; Wang, K.; Yang, X.; Li, J.; Li, W. Hierarchically
porous N-doped carbon derived from biomass as oxygen reduction electrocatalyst for highperformance Al–air battery. Journal of Energy Chemistry 2020, 45, 119-125, DOI:
https://doi.org/10.1016/j.jechem.2019.10.005.
(61) Ge, X.; Sumboja, A.; Wuu, D.; An, T.; Li, B.; Goh, F. W. T.; Hor, T. S. A.; Zong, Y.;
Liu, Z. Oxygen Reduction in Alkaline Media: From Mechanisms to Recent Advances of
Catalysts. ACS Catalysis 2015, 5 (8), 4643-4667, DOI: 10.1021/acscatal.5b00524.
89

(62) Hopkins, B. J.; Shao-Horn, Y.; Hart, D. P. Suppressing corrosion in primary
aluminum–air batteries via oil displacement. Science 2018, 362 (6415), 658, DOI:
10.1126/science.aat9149.
(63) Ryu, J.; Jang, H.; Park, J.; Yoo, Y.; Park, M.; Cho, J. Seed-mediated atomic-scale
reconstruction of silver manganate nanoplates for oxygen reduction towards high-energy
aluminum-air flow batteries. Nat Commun 2018, 9 (1), 3715, DOI: 10.1038/s41467-01806211-3.
(64) Hong, Q.; Lu, H.; Wang, J. CuO Nanoplatelets with Highly Dispersed Ce-Doping
Derived from Intercalated Layered Double Hydroxides for Synergistically Enhanced
Oxygen Reduction Reaction in Al–Air Batteries. ACS Sustainable Chemistry &
Engineering 2017, 5 (10), 9169-9175, DOI: 10.1021/acssuschemeng.7b02076.
(65) Xu, S.; Li, Z.; Ji, Y.; Wang, S.; Yin, X.; Wang, Y. A novel cathode catalyst for
aluminum-air fuel cells: Activity and durability of polytetraphenylporphyrin iron (II)
absorbed on carbon black. International Journal of Hydrogen Energy 2014, 39 (35),
20171-20182, DOI: https://doi.org/10.1016/j.ijhydene.2014.09.164.
(66) Xu, Y.; Zhao, Y.; Ren, J.; Zhang, Y.; Peng, H. An All-Solid-State Fiber-Shaped
Aluminum-Air Battery with Flexibility, Stretchability, and High Electrochemical
Performance.

Angew

Chem

Int

Ed

Engl

2016,

55

(28),

7979-82,

DOI:

10.1002/anie.201601804.
(67) Yu, S.; Yang, X.; Liu, Y.; Zhan, F.; Wen, Q.; Li, J.; Li, W. High power density Al-air
batteries with commercial three-dimensional aluminum foam anode. Ionics 2020, 26 (10),
5045-5054, DOI: 10.1007/s11581-020-03618-1.
90

(68) Wang, H.; Fokwa, B. P. T. Inorganic Battery Materials, Wiley: 2019.
(69) Zhou, R.; Zheng, Y.; Jaroniec, M.; Qiao, S.-Z. Determination of the Electron Transfer
Number for the Oxygen Reduction Reaction: From Theory to Experiment. ACS Catalysis
2016, 6 (7), 4720-4728, DOI: 10.1021/acscatal.6b01581.
(70) Liu, M.; Zhao, Z.; Duan, X.; Huang, Y. Nanoscale Structure Design for HighPerformance Pt-Based ORR Catalysts. Adv Mater 2019, 31 (6), e1802234, DOI:
10.1002/adma.201802234.
(71) Chong, L.; Wen, J.; Kubal, J.; Sen, F. G.; Zou, J.; Greeley, J.; Chan, M.; Barkholtz,
H.; Ding, W.; Liu, D.-J. Ultralow-loading platinum-cobalt fuel cell catalysts derived from
imidazolate frameworks. Science 2018, 362 (6420), 1276, DOI: 10.1126/science.aau0630.
(72) Yuan, Y.; Wang, J.; Adimi, S.; Shen, H.; Thomas, T.; Ma, R.; Attfield, J. P.; Yang,
M. Zirconium nitride catalysts surpass platinum for oxygen reduction. Nat Mater 2020, 19
(3), 282-286, DOI: 10.1038/s41563-019-0535-9.
(73) Hong, Q.; Lu, H. In-situ Electrodeposition of Highly Active Silver Catalyst on Carbon
Fiber Papers as Binder Free Cathodes for Aluminum-air Battery. Sci Rep 2017, 7 (1), 3378,
DOI: 10.1038/s41598-017-03609-9.
(74) Stamenkovic, V. R.; Fowler, B.; Mun, B. S.; Wang, G.; Ross, P. N.; Lucas, C. A.;
Marković,

N.

M.

Improved

Oxygen

Reduction

Activity

on

Pt&lt;sub&gt;3&lt;/sub&gt;Ni(111) via Increased Surface Site Availability. Science 2007,
315 (5811), 493, DOI: 10.1126/science.1135941.
(75) Zhang, L.; Roling, L. T.; Wang, X.; Vara, M.; Chi, M.; Liu, J.; Choi, S.-I.; Park, J.;
Herron, J. A.; Xie, Z.; Mavrikakis, M.; Xia, Y. Platinum-based nanocages with
91

subnanometer-thick walls and well-defined, controllable facets. Science 2015, 349 (6246),
412, DOI: 10.1126/science.aab0801.
(76) Snyder, J.; McCue, I.; Livi, K.; Erlebacher, J. Structure/processing/properties
relationships in nanoporous nanoparticles as applied to catalysis of the cathodic oxygen
reduction reaction. J Am Chem Soc 2012, 134 (20), 8633-45, DOI: 10.1021/ja3019498.
(77) Liang, J.; Ma, F.; Hwang, S.; Wang, X.; Sokolowski, J.; Li, Q.; Wu, G.; Su, D. Atomic
Arrangement

Engineering

of

Metallic

Nanocrystals

for

Energy-Conversion

Electrocatalysis. Joule 2019, 3 (4), 956-991, DOI: 10.1016/j.joule.2019.03.014.
(78) Holewinski, A.; Idrobo, J. C.; Linic, S. High-performance Ag-Co alloy catalysts for
electrochemical

oxygen

reduction.

Nat

Chem

2014,

6

(9),

828-34,

DOI:

10.1038/nchem.2032.
(79) Huang, L.; Liu, M.; Lin, H.; Xu, Y.; Wu, J.; Dravid, V. P.; Wolverton, C.; Mirkin, C.
A. Shape regulation of high-index facet nanoparticles by dealloying. Science 2019, 365
(6458), 1159, DOI: 10.1126/science.aax5843.
(80) Liao, H.-G.; Zherebetskyy, D.; Xin, H.; Czarnik, C.; Ercius, P.; Elmlund, H.; Pan, M.;
Wang, L.-W.; Zheng, H. Facet development during platinum nanocube growth. Science
2014, 345 (6199), 916, DOI: 10.1126/science.1253149.
(81) Kilin, D. S.; Prezhdo, O. V.; Xia, Y. Shape-controlled synthesis of silver nanoparticles:
Ab initio study of preferential surface coordination with citric acid. Chemical Physics
Letters 2008, 458 (1-3), 113-116, DOI: 10.1016/j.cplett.2008.04.046.
(82) Ma, K.; Corsi, J. S.; Fu, J.; Detsi, E. Origin of the Volume Contraction during
Nanoporous Gold Formation by Dealloying for High-Performance Electrochemical
92

Applications.

ACS

Applied

Nano

Materials

2018,

1

(2),

541-546,

DOI:

10.1021/acsanm.7b00055.
(83) Singh, V.; Tiwari, A.; Nagaiah, T. C. Facet-controlled morphology of cobalt disulfide
towards enhanced oxygen reduction reaction. Journal of Materials Chemistry A 2018, 6
(45), 22545-22554, DOI: 10.1039/C8TA06710D.
(84) Zielasek, V.; Jurgens, B.; Schulz, C.; Biener, J.; Biener, M. M.; Hamza, A. V.; Baumer,
M. Gold catalysts: nanoporous gold foams. Angew Chem Int Ed Engl 2006, 45 (48), 82414, DOI: 10.1002/anie.200602484.
(85) Ke, F.-S.; Solomon, B.; Ding, Y.; Xu, G.-L.; Sun, S.-G.; Wang, Z. L.; Zhou, X.-D.
Enhanced electrocatalytic activity on gold nanocrystals enclosed by high-index facets for
oxygen reduction. Nano Energy 2014, 7, 179-188, DOI: 10.1016/j.nanoen.2014.01.003.
(86) Zhu, M.; Lei, B.; Ren, F.; Chen, P.; Shen, Y.; Guan, B.; Du, Y.; Li, T.; Liu, M.
Branched Au nanostructures enriched with a uniform facet: facile synthesis and catalytic
performances. Sci Rep 2014, 4, 5259, DOI: 10.1038/srep05259.
(87) Wang, Z.; Liu, P.; Han, J.; Cheng, C.; Ning, S.; Hirata, A.; Fujita, T.; Chen, M.
Engineering the internal surfaces of three-dimensional nanoporous catalysts by surfactantmodified dealloying. Nat Commun 2017, 8 (1), 1066, DOI: 10.1038/s41467-017-01085-3.
(88) Quaino, P.; Luque, N. B.; Nazmutdinov, R.; Santos, E.; Schmickler, W. Why is gold
such a good catalyst for oxygen reduction in alkaline media? Angew Chem Int Ed Engl
2012, 51 (52), 12997-3000, DOI: 10.1002/anie.201205902.

93

(89) Kim, J.; Gewirth, A. A. Mechanism of Oxygen Electroreduction on Gold Surfaces in
Basic Media. The Journal of Physical Chemistry B 2006, 110 (6), 2565-2571, DOI:
10.1021/jp0549529.
(90) Su, D.; Dou, S.; Wang, G. Gold nanocrystals with variable index facets as highly
effective cathode catalysts for lithium–oxygen batteries. NPG Asia Materials 2015, 7 (1),
e155-e155, DOI: 10.1038/am.2014.130.
(91) Gisbert-González, J. M.; Cheuquepán, W.; Ferre-Vilaplana, A.; Herrero, E.; Feliu, J.
M. Citrate adsorption on gold: Understanding the shaping mechanism of nanoparticles.
Journal of Electroanalytical Chemistry 2020, DOI: 10.1016/j.jelechem.2020.114015.
(92) De, S. K.; Mondal, S.; Sen, P.; Pal, U.; Pathak, B.; Rawat, K. S.; Bardhan, M.;
Bhattacharya, M.; Satpati, B.; De, A.; Senapati, D. Crystal-defect-induced facet-dependent
electrocatalytic activity of 3D gold nanoflowers for the selective nanomolar detection of
ascorbic acid. Nanoscale 2018, 10 (23), 11091-11102, DOI: 10.1039/c8nr03087a.
(93) Hyun, G.; Song, J. T.; Ahn, C.; Ham, Y.; Cho, D.; Oh, J.; Jeon, S. Hierarchically
porous Au nanostructures with interconnected channels for efficient mass transport in
electrocatalytic CO2 reduction. Proc Natl Acad Sci U S A 2020, 117 (11), 5680-5685, DOI:
10.1073/pnas.1918837117.
(94) McCue, I.; Benn, E.; Gaskey, B.; Erlebacher, J. Dealloying and Dealloyed Materials.
Annual Review of Materials Research 2016, 46 (1), 263-286, DOI: 10.1146/annurevmatsci-070115-031739.
(95) Fujita, T.; Guan, P.; McKenna, K.; Lang, X.; Hirata, A.; Zhang, L.; Tokunaga, T.;
Arai, S.; Yamamoto, Y.; Tanaka, N.; Ishikawa, Y.; Asao, N.; Yamamoto, Y.; Erlebacher,
94

J.; Chen, M. Atomic origins of the high catalytic activity of nanoporous gold. Nat Mater
2012, 11 (9), 775-80, DOI: 10.1038/nmat3391.
(96) Zeis, R.; Lei, T.; Sieradzki, K.; Snyder, J.; Erlebacher, J. Catalytic reduction of oxygen
and hydrogen peroxide by nanoporous gold. Journal of Catalysis 2008, 253 (1), 132-138,
DOI: 10.1016/j.jcat.2007.10.017.
(97) Sau, T. K.; Murphy, C. J. Room Temperature, High-Yield Synthesis of Multiple
Shapes of Gold Nanoparticles in Aqueous Solution. Journal of the American Chemical
Society 2004, 126 (28), 8648-8649, DOI: 10.1021/ja047846d.
(98) Erlebacher, J.; Aziz, M. J.; Karma, A.; Dimitrov, N.; Sieradzki, K. Evolution of
nanoporosity in dealloying. Nature 2001, 410 (6827), 450-453, DOI: 10.1038/35068529.
(99) Chen, Q.; Ding, Y.; Chen, M. Nanoporous metal by dealloying for electrochemical
energy conversion and storage. MRS Bulletin 2018, 43 (1), 43-48, DOI:
10.1557/mrs.2017.300.
(100) Denis, P.; Fecht, H.-J.; Xue, Y.; Paschalidou, E. M.; Rizzi, P.; Battezzati, L.
Microstructure and electrochemical properties of nanoporous gold produced by dealloying
Au-based thin film nanoglass. Journal of Materials Research 2018, 33 (18), 2661-2670,
DOI: 10.1557/jmr.2018.176.
(101) Fujita, T.; Qian, L.-H.; Inoke, K.; Erlebacher, J.; Chen, M.-W. Three-dimensional
morphology of nanoporous gold. Applied Physics Letters 2008, 92 (25), DOI:
10.1063/1.2948902.

95

(102) Fu, J.; Deng, Z.; Detsi, E. Nanoporous Gold Formation by Free Corrosion Dealloying
of Gold-Silver Alloys in Nonoxidizing Acids Driven by Catalytic Oxygen Reduction
Reaction. Jom 2019, 71 (4), 1581-1589, DOI: 10.1007/s11837-019-03383-1.
(103) Starr, C. A.; Buttry, D. A. Electrochemical Dealloying of Gold-Silver Nanoparticles
- Selective Dissolution of the Less and More Noble Species. ECS Transactions 2014, 58
(47), 19-26, DOI: 10.1149/05847.0019ecst.
(104) Liu, K.; Huang, X.; Wang, H.; Li, F.; Tang, Y.; Li, J.; Shao, M. Co3O4-CeO2/C as
a Highly Active Electrocatalyst for Oxygen Reduction Reaction in Al-Air Batteries. ACS
Appl Mater Interfaces 2016, 8 (50), 34422-34430, DOI: 10.1021/acsami.6b12294.
(105) Detsi, E.; Cook, J. B.; Lesel, B.; Turner, C.; Liang, Y. L.; Robbennolt, S.; Tolbert, S.
H. Mesoporous Ni60Fe30Mn10-alloy based metal/metal oxide composite thick films as
highly active and robust oxygen evolution catalysts dagger. Energy Environ Sci 2016, 9
(2), 540-549, DOI: 10.1039/C5EE02509E.
(106) Detsi, E.; De Jong, E.; Zinchenko, A.; Vuković, Z.; Vuković, I.; Punzhin, S.; Loos,
K.; ten Brinke, G.; De Raedt, H. A.; Onck, P. R.; De Hosson, J. T. M. On the specific
surface area of nanoporous materials. Acta Materialia 2011, 59 (20), 7488-7497, DOI:
https://doi.org/10.1016/j.actamat.2011.08.025.
(107) Tan, Y. H.; Davis, J. A.; Fujikawa, K.; Ganesh, N. V.; Demchenko, A. V.; Stine, K.
J. Surface area and pore size characteristics of nanoporous gold subjected to thermal,
mechanical, or surface modification studied using gas adsorption isotherms, cyclic
voltammetry, thermogravimetric analysis, and scanning electron microscopy. J Mater
Chem 2012, 22 (14), 6733-6745, DOI: 10.1039/C2JM16633J.
96

(108) Wang, Z.; Ning, S.; Liu, P.; Ding, Y.; Hirata, A.; Fujita, T.; Chen, M. Tuning Surface
Structure of 3D Nanoporous Gold by Surfactant-Free Electrochemical Potential Cycling.
Adv Mater 2017, 29 (41), DOI: 10.1002/adma.201703601.
(109) Mayet, N.; Servat, K.; Kokoh, K. B.; Napporn, T. W. Probing the Surface of Noble
Metals Electrochemically by Underpotential Deposition of Transition Metals. Surfaces
2019, 2 (2), 257-276, DOI: 10.3390/surfaces2020020.
(110) Hebié, S.; Cornu, L.; Napporn, T. W.; Rousseau, J.; Kokoh, B. K. Insight on the
Surface Structure Effect of Free Gold Nanorods on Glucose Electrooxidation. The Journal
of Physical Chemistry C 2013, 117 (19), 9872-9880, DOI: 10.1021/jp401009r.
(111) Wall, M. A.; Harmsen, S.; Pal, S.; Zhang, L.; Arianna, G.; Lombardi, J. R.; Drain, C.
M.; Kircher, M. F. Surfactant-Free Shape Control of Gold Nanoparticles Enabled by
Unified Theoretical Framework of Nanocrystal Synthesis. Advanced Materials 2017, 29
(21), 1605622, DOI: https://doi.org/10.1002/adma.201605622.
(112) Li, Y.; Ding, W.; Li, M.; Xia, H.; Wang, D.; Tao, X. Synthesis of core–shell Au–Pt
nanodendrites with high catalytic performance via overgrowth of platinum on in situ gold
nanoparticles. Journal of Materials Chemistry A 2015, 3 (1), 368-376, DOI:
10.1039/C4TA04940C.
(113) Fu, J.; Deng, Z.; Lee, T.; Corsi, J. S.; Wang, Z.; Zhang, D.; Detsi, E. pH-Controlled
Dealloying Route to Hierarchical Bulk Nanoporous Zn Derived from Metastable Alloy for
Hydrogen Generation by Hydrolysis of Zn in Neutral Water. ACS Applied Energy
Materials 2018, 1 (7), 3198-3205, DOI: 10.1021/acsaem.8b00419.

97

(114) Nakata, M.; Toko, K.; Saitoh, N.; Yoshizawa, N.; Suemasu, T. Orientation control
of intermediate-composition SiGe on insulator by low-temperature Al-induced
crystallization.

Scripta

Materialia

2016,

122,

86-88,

DOI:

10.1016/j.scriptamat.2016.05.025.
(115) http://crystalium.materialsvirtuallab.org/.
(116) Tran, R.; Xu, Z.; Radhakrishnan, B.; Winston, D.; Sun, W.; Persson, K. A.; Ong, S.
P. Surface energies of elemental crystals. Scientific Data 2016, 3 (1), 160080, DOI:
10.1038/sdata.2016.80.
(117) Ali, S.; Myasnichenko, V. S.; Neyts, E. C. Size-dependent strain and surface energies
of gold nanoclusters. Phys Chem Chem Phys 2016, 18 (2), 792-800, DOI:
10.1039/c5cp06153a.
(118) Al-Johani, H.; Abou-Hamad, E.; Jedidi, A.; Widdifield, C. M.; Viger-Gravel, J.;
Sangaru, S. S.; Gajan, D.; Anjum, D. H.; Ould-Chikh, S.; Hedhili, M. N.; Gurinov, A.;
Kelly, M. J.; El Eter, M.; Cavallo, L.; Emsley, L.; Basset, J. M. The structure and binding
mode of citrate in the stabilization of gold nanoparticles. Nat Chem 2017, 9 (9), 890-895,
DOI: 10.1038/nchem.2752.
(119) Wang, M.; Joshi, U.; Pikul, J. H. Powering Electronics by Scavenging Energy from
External

Metals.

ACS

Energy

Letters

2020,

5

(3),

758-765,

DOI:

10.1021/acsenergylett.9b02661.
(120) Boinski, S.; Garber, P. A. On the Move: How and Why Animals Travel in Groups,
University of Chicago Press: 2000.

98

(121) Arkin, R. C. Motor Schema — Based Mobile Robot Navigation. The International
Journal of Robotics Research 1989, 8 (4), 92-112, DOI: 10.1177/027836498900800406.
(122) Mellinger, D.; Michael, N.; Kumar, V. Trajectory generation and control for precise
aggressive maneuvers with quadrotors. The International Journal of Robotics Research
2012, 31 (5), 664-674, DOI: 10.1177/0278364911434236.
(123) Pomerleau, D. A. Efficient training of artificial neural networks for autonomous
navigation. Neural Computation 1991, 3 (1), 88-97, DOI: 10.1162/neco.1991.3.1.88.
(124) Reynolds, C. W., Flocks, herds and schools: A distributed behavioral model. In
Proceedings of the 14th annual conference on Computer graphics and interactive
techniques, Association for Computing Machinery: 1987; pp 25–34.
(125) Snider, J. In Automatic Steering Methods for Autonomous Automobile Path Tracking,
2009.
(126) Wang, C.; Yang, Z.; Wang, S.; Wang, P.; Wang, C.-Y.; Pan, C.; Cheng, B.; Liang,
S.-J.; Miao, F. A Braitenberg Vehicle Based on Memristive Neuromorphic Circuits.
Advanced

Intelligent

Systems

2020,

2

(1),

1900103,

DOI:

https://doi.org/10.1002/aisy.201900103.
(127) Liebchen, B.; Löwen, H. Synthetic Chemotaxis and Collective Behavior in Active
Matter.

Accounts

of

Chemical

Research

2018,

51

(12),

2982-2990,

DOI:

10.1021/acs.accounts.8b00215.
(128) Tsang, A. C. H.; Demir, E.; Ding, Y.; Pak, O. S. Roads to Smart Artificial
Microswimmers. Advanced Intelligent Systems 2020, 2 (8), DOI: 10.1002/aisy.201900137.

99

(129) Berg, H. Motile Behavior of Bacteria. Physics Today 2000, 53, DOI:
10.1063/1.882934.
(130) Friedrich, B. M.; Jülicher, F. Chemotaxis of sperm cells. Proceedings of the National
Academy of Sciences 2007, 104 (33), 13256, DOI: 10.1073/pnas.0703530104.
(131) Braitenberg, V. Vehicles: Experiments in Synthetic Psychology, MIT Press: 1986.
(132) Palagi, S.; Fischer, P. Bioinspired microrobots. Nature Reviews Materials 2018, 3
(6), 113-124, DOI: 10.1038/s41578-018-0016-9.
(133) Palagi, S.; Mark, A. G.; Reigh, S. Y.; Melde, K.; Qiu, T.; Zeng, H.; Parmeggiani, C.;
Martella, D.; Sanchez-Castillo, A.; Kapernaum, N.; Giesselmann, F.; Wiersma, D. S.;
Lauga, E.; Fischer, P. Structured light enables biomimetic swimming and versatile
locomotion of photoresponsive soft microrobots. Nature Materials 2016, 15 (6), 647-653,
DOI: 10.1038/nmat4569.
(134) Aubin, C. A.; Choudhury, S.; Jerch, R.; Archer, L. A.; Pikul, J. H.; Shepherd, R. F.
Electrolytic vascular systems for energy-dense robots. Nature 2019, 571 (7763), 51-57,
DOI: 10.1038/s41586-019-1313-1.
(135) Yang, X.; Chang, L.; Pérez-Arancibia, N. O. An 88-milligram insect-scale
autonomous crawling robot driven by a catalytic artificial muscle. Science Robotics 2020,
5 (45), eaba0015, DOI: 10.1126/scirobotics.aba0015.
(136) Chen, Y.; Doshi, N.; Goldberg, B.; Wang, H.; Wood, R. J. Controllable water surface
to underwater transition through electrowetting in a hybrid terrestrial-aquatic microrobot.
Nature Communications 2018, 9 (1), 2495, DOI: 10.1038/s41467-018-04855-9.

100

(137) Baisch, A. T.; Heimlich, C.; Karpelson, M.; Wood, R. J. In HAMR3: An autonomous
1.7g ambulatory robot, 2011 IEEE/RSJ International Conference on Intelligent Robots and
Systems, 25-30 Sept. 2011; 2011; pp 5073-5079.
(138) Jeerapan, I.; Sempionatto, J. R.; Pavinatto, A.; You, J.-M.; Wang, J. Stretchable
biofuel cells as wearable textile-based self-powered sensors. Journal of Materials
Chemistry A 2016, 4 (47), 18342-18353, DOI: 10.1039/C6TA08358G.
(139) Chen, Y.; Ji, W.; Yan, K.; Gao, J.; Zhang, J. Fuel cell-based self-powered
electrochemical sensors for biochemical detection. Nano Energy 2019, 61, 173-193, DOI:
https://doi.org/10.1016/j.nanoen.2019.04.056.
(140) Jayathilaka, W. A. D. M.; Qi, K.; Qin, Y.; Chinnappan, A.; Serrano-García, W.;
Baskar, C.; Wang, H.; He, J.; Cui, S.; Thomas, S. W.; Ramakrishna, S. Significance of
Nanomaterials in Wearables: A Review on Wearable Actuators and Sensors. Advanced
Materials 2019, 31 (7), 1805921, DOI: https://doi.org/10.1002/adma.201805921.
(141) Xu, W.; Huang, L.-B.; Wong, M.-C.; Chen, L.; Bai, G.; Hao, J. Environmentally
Friendly Hydrogel-Based Triboelectric Nanogenerators for Versatile Energy Harvesting
and Self-Powered Sensors. Advanced Energy Materials 2017, 7 (1), 1601529, DOI:
https://doi.org/10.1002/aenm.201601529.
(142) Adnan Khan, M. D. S.; Hoq, M. T.; Zadidul Karim, A. H. M.; Alam, M. K.; Howlader,
M.; Rajkumar, R. K. Energy Harvesting—Technical Analysis of Evolution, Control
Strategies, and Future Aspectsa. Journal of Electronic Science and Technology 2019, 17
(2), 116-125, DOI: https://doi.org/10.11989/JEST.1674-862X.80314201.

101

(143) Guy, J. S. Conductivity and viscosity in glycerol and in binary mixtures of glycerol
with ethyl alcohol, with methyl alcohol, and with water, Eschenbach Print. Co.: Easton, Pa.,
1911; p 71, [1] p.
(144) Viscosity of Water. https://wiki.anton-paar.com/us-en/water/.
(145) Liu, X.; Liu, J.; Lin, S.; Zhao, X. Hydrogel machines. Materials Today 2020, 36,
102-124, DOI: https://doi.org/10.1016/j.mattod.2019.12.026.

102

